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THE ROLE OP A^ETABOLIC ADAPTATION IN THE AVOIDANCE 
OP 80AXING INJURY IN 8EED8.
Ph.D. thesis by Colin Norton presented to the 
University of St. Andrews 1979*
Seeds of a range of crop species were classified 
according to their ability to germinate after 
presowing soaking treatments of varying severity.
The differences in soaking tolerance were then 
compared with changes in several metabolic parameters 
to determine the importance of metabolic adaptation 
in the avoidance of soaking injury in seeds.
After seed soaking treatments those species 
most susceptible to injury exhibited the highest 
respiration rates under nitrogen. At the same time 
the species with the highest respiration rates under 
nitrogen showed more rapid utilization of their seed 
reserves. This was demonstrated as a positive 
correlation of respiration rate under nitrogen 
against the fall.in sucrose content of seeds on 
soaking.
A similar positive correlation of respiration 
under nitrogen with alcohol content and with fall in 
sucrose content on soaking seeds was found. However, 
when the malic acid content of, seeds was assayed 
the reverse trend was shown, where malic acid was 
negatively correlated both with respiration under 
nitrogen and with the fall in sucrose content on
1
soaking seeds. Thus the changes in the alcohol and 
malic acid contents of seeds on soaking were negatively 
correlated with each other. Analysis of lactic acid 
content of soaked seeds was expressed as the 
percentage of the three anaerobic products measured 
(ie. alcohol plus malic acid plus lactic acid) and 
gave a significant negative correlation against 
respiration rate under nitrogen on soaking seeds.
Parallel studies of both alcohol and malic 
dehydrogenases were conducted after soaking seeds.
The activity of alcohol dehydrogenase was highest 
in those species which were least tolerant of soaking 
injury, while the Michaelis constants for alcohol 
dehydrogenase with respect to acetaldehyde were low |
in species intolerant of soaking injury but higher 
in species tolerant of this treatment. |
Enhanced metabolic damage was observed as a 
result of both high (30^C) and of low temperature (0°0) i 
soaking treatments, but only in species which were 
normally susceptible to soaking injury. In studies 
on a single species (Pisum sativum) metabolic injury 
followed a similar course to the above studies in 
high but not in low temperature soaking treatments.
Studies on the enzyme invertase showed grossly 
enhanced activity with a rise in temperature. This 
increased activity was also related to germination 
counts.
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PREFACE
Seeds of both wild and cultivated plants vary 
greatly in their sensitivity to soaking injury.
In crops such as peas (Pisum sativum) poor field y
■3emergence is a constant and serious loss while in |
other crops such as rice (Qryza sativa) soaking of y|
the seeds has no deleterious effects on germination 
capacity. In wild plants, species such as I
Juncus bufonius and Juncus tenuis seeds can lie
dormant in wet peat or pond mud for years and are 
still capable of germination when exposed to air ;|
(S®hull, 1 9 1 4). On the other hand, other wild j
species eg. Rhus glabra and Polygonum arifolium 
will not survive anaerobic conditions for more 
than a few days (8#hull, 1914). In spite of these 
fundamental differences in the germination 
capabilities of seeds, no detailed study has been 
made of the metabolic differences that may underlie 
their varying behaviours.
In higher plants, at the seedling and later |
stages of development, a number of metabolic 
differences has been detected between flood tolerant 
and flood intolerant species. There is a i
diversification of the end products of glycolysis 
(Crawford, 1972); for example in a study of the 
metabolism of roots of plants native to British bogs, 
those species which were able to withstand flooding
1 0
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increased the malic acid content of their roots when 
flooded (Crawford and Tyler, 1969), while in a J
number of non flood tolerant plants flooding 
caused an increase in the rate of glycolysis with 
ethanol production (Crawford, 1966 and 196?).
MclVIanmon and Crawford (1971) report an apparent 
induction of alcohol dehydrogenase in flood intolerant 
species. They were also able to demonstrate the 
presence of 'malic enzyme* in flood intolerant 
species. This led them to speculate that the absence 
of the enzyme is necessary for malate to accumulate.
The natural equilibrium for malic enzyme is to convert 
malate to pyruvate, which would then be easily 
metabolised to ethanol.
In these examples the situation is complex in 
that most species possess a number of mechanisms, 
both morphological and metabolic, which enable them 
to withstana periods of partial anaerobiosis. For 
a seedling, or grown plant, diffusion of oxygen 
from the shoot to the root is a common adaptation 
which reduces the dependence of the plant on metabolic 
adaptation to withstand oxygen deficits (Armstrong,
1964).
In the seed however, the situation does not 
have these complications as the onset of anaerobiosis 
affects the whole plant. Thus if seeds differ in 
their ability to survive this stress it must be
11
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associated with differences in their metabolism.
This thesis therefore examines the ability of 
a number of seeds of different crop plants, to 
withstand periods of total or partial anaerobiosis 
and seeks to relate these varying germination 
tolerances to differences in metabolism of the seeds.
In particular two appects of metabolism are investigated. 
The first, is the metabolic rate, as apparent in 
the respiration of the seeds. Usually the initial 
respiration in seeds is at least partially anaerobic 
due to the impermeability of the seed coat to oxygen 
(eg. Kolloffel. 1967 in Pisum sativuia L. ) but later 
there is a switch to aerobic respiration when the 
radicle ruptures the seed coat (Spragg and Yemm,
1 9 3 9). V/hen seeds are germinated under wet conditions 
the phenomenom of the reversal of the Pasteur Effect 
may cause an acceleration of glycolysis. Seeds 
also vary in the relative amounts of their products 
of glycolysis eg. alcohol accumulation (Doireau, 1969) 
or lactic acid accumulation (Sherwin and Simon, 1969). 
Respiration is therefore examined in seeds that are 
respiring in air and under nitrogen in order to 
determine the reaction of the respiration rate to the 
availability of oxygen. Secondly, the products of 
anaerobiosis in seeds tolerant of soaxing are compared 
with those produced in seeds intolerant of this
I
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treatment. This study parallels the investigations 
carried out by Crawford and coworkers (Crawford, 1366 
and 1967; Crawford and Tyler, 1969; McManmon and 
Crawford,1 9 7 1; Tyler and Crawford, 19709 into the 
study of flooding tolerance in higher plants, where :%
differences were found in the'nature and quantity 4
-Iof the products of anaerobiosis. 4
As changes in the amounts and rates of end 
product accumulation must reflect variations in 
enzyme properties, a number of comparative studies 
are made on the effects of soaking on the properties 
of a selected range of enzymes.
13
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I. GERTÆINATION EXPERIMENTS
This study began by a repetition of the 
classical experiments of Morinaga (1926) in which 
seeds were classified according to their ability to 
germinate under water. This produces a simple 
dichotomy of soaking tolerant and soaking intolerant 
species. The effect of varying length of time of 
soaking on subsequent germination in moist sand was 
then examined. This extends the information from 
the first experiment by differentiating more finely 
between species of similar tolerance to soaking 
injury and allows a more accurate relative placing 
of seeds for their soaking tolerance.
“4
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Method
Thirty seeds of each of ten species were 
germinated on moist filter paper in petri dishes 
and further samples of tne same species were submerged 
in beakers completely full of distilled water in 
incubators at 2 3^C (3 0 ml beakers for the smaller 
seeds and 230ml beakers fort he larger seeds). The 
percentage of seeds showing germination after one 
week was recorded, where germination was taken as 
the emergence of the radicle from the seed coat.
14
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AThe results are given in Table 1 as the 
percentage of seeds germinating under water and in 
controls on moist filter paper. A calculated 
probability for each pair of results, based on an 
amalgamation of soaking and control values, is 
also included. This is the probability of the observed 
ratio of control to under water germination, assuming
that there was no effect due to soaking. Therefore,\where the probability is less than p = .0 3 the theory 
that there is no effect due to soaking may be rejected 
(see statistical appendix).(Pages 232 to 2 3 4).
Radish, rice and carrot all germinatedw ell 
underwater. As there was no significant difference 
between germination in controls and under water, 
these species may be described as soaking tolerant. I
Lettuce also germinated w ell under w^ ater (77%) but 
significantly less well than in the control (p=.0 3).
The remaining species (broad bean. Pioneer pea,
Onward pea, Meteor pea, Gladstone pea and maize) 
failed to germinate under water. The results for
these species are very highly significant with a 
probability of less than p=.04 x 10"^^, and thes( 
species may be described as soaking intolerant.
13
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Table 1 *
Comparison of percentage germination under water with 
percentage germination on moist filter paper in air, 
after incubation for 7 days at 25^C (3 0 seeds of 
each species were used in each treatment).
Species Control Underwater Probability of observed
%germination ^germination ratio of control:
underwater germination 
arising.by chance*.
Radish 96.7 96.7 .30
Rice 83.3 80.0 .49
Carrot 80.0 73.3 .38
Lettuce 96.7 76.7 .03
Broad bean 83.3 0 .04 X 1 0 -1 0
Pioneer pea 86.7 0 .04 X IQ-ll
Onward pea 9 0 .0 0 .0 2 X 10-13
Gladstone pea 96.7 0 .03 X 10-14
Maize 100 0 .09 X 10-iG
Meteor pea 100 0 .09 X 10-16
* for details of the statistical test see appendix (p 232  
to p 234).
16
.■Î4 :y — a
The effect of soaking on germination is shown 
in Plates 1-3 for four species after 7 days soaking.
From these plates it may be seen that cotyledon 
emergence was absent at this stage, but advanced radicle 
emergence was present in carrot (Plate 1) in 
contrast with radish (Plate 2) where only small 
radicles are visible, and maize (Plate 3) in which 
a swelling of the growing point was observed with 
rupturing of the seed coat in some cases. Maize 
seeds, even if left under water for several weeks 
showed no further occurrence of visible radicle 
development. In broad bean and the four pea 
cultivars there was no visible development at any 
stage and the seeds eventually decayed due to 
bacterial action.
Plate 1. Carrot seeds after germination for 7 days 
under water showing radicle development. (^0
17
Plate 2. Radish seeds after germination under water 
for 7 days showing limited radicle development.
m
Plate 3» Maize seeds after germination under water 
for 7 days showing virtually no radicle development 
but rupturing of seed coats in some cases.
18
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The Relative Soaking Tolerance of Seeds of some Crop Species
In the preceding experiment seeds were germinated 
under partial anoxia ( under water), but the effect 
of complete anoxia was not examined. A further 
experiment using anaerobe jars (GasPak) was 4
therefore carried out to investigate the effect of ;|
complete anoxia on the germination of seeds. No 
germination was recorded in any of the treatments, 
which suggests that even the most soaking tolerant
species have a minimal requirement for oxygen.1It is probable" that in some species, anaerobic 
induced dormancy may result from soaking, and that 
jyhe seeds will be able ro recover on their return 
to an aerobic environment. The following experiment 
therefore examines the effect of a period of 
anaerobiosis (soaking treatments) prior to normal 
germination in aerobic conditions. This will also 
differentiate between species unable to withstand 
longer periods of anoxia.
Method
Thirty seeds of each of ten species were 
soaked for 0, 12, 24, 48, 72 or 96 hours and then 
germinated in trays of moist sand in a greenhouse 
at about 20°C. After fourteen days the final
, y. y.-yy. ' , .y- . .-yy->.y/.yy-v ; ;'7^  y ÿ J • ■ ry-y--yÿ];y y y:! r% y ^::-y'yy=ÿy fçy y,g
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germination couht was taken and the heights of the 
individual seedlings were recorded. §
Results
IThe results are given in Table 2 as the number 4of seeds germinated out of thirty for each treatment 
together with the correlation coefficient (r) for I
the number of seeds germinated against the number
Iof hours of soaking ( where germination was taken u
as the appearance of a shoot above the germination 
medium).
Rice, carrot, lettuce and radish did not show 
a significant correlation ( using tables for
ealculated probability of r) for hours of II
I
■isoaking against number of seeds germinated; while 
Meteor and Pioneer peas gave significant negative 
correlations with probabilities of p=.0 3 ; broad 
bean gave a negative correlation p=.02; and Onward 
and Gladstone peas and maize all gave a negative I
correlation with p= .0 1 for chance occurrence of 
the observed correlation coefficient.
A regression analysis ( Table 3 ) shows a 
significant decrease of germination with soaking in 
the same species. Table 4 shows the regression 
analyses which failed to reach significance.
Figure 1 shows the fitted regression lines for those
20
species in which, neither the regression nor the 
correlation coefficient for germination against 
duration of soaking was significant ie. soaking 
tolerant species. Figure 2 shows the soaking 
intolerant species in which a significant regression 
and correlation coefficient was shown.
21
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Table 2.
Germination count at 14- days after varying duration 
of presoaking treatment of seeds.
(number germinated out of 30 when sown in trays of 
moist sand in the greenhouse).
15
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Species Duration of presoaking 
treatment in hours 
0 12 24- 4-8 72 96
Correlation Probability 
coefficient of observed 
hrs presoak: r by chance
no. germinated
Pice 1 12 29 24 28 21 29 + .4 3 6 N.3. I1Lettuce 24- 14 27 23 23 20 + . 0632 N.S. 1
Carrot 13 23 20 21 17 11 -.440 JJ.S. 1
Radish 16 23 23 4 17 2 -.673 if.S. i
Maize 27 28 27 23 18 14 - . 9 4 9 . 01 1
Meteor pea 22 20 22 16 0 0 -.896 .0 5 1
Pioneer pea 19 20 13 0 0 0 - . 9 3 3 .0 5 1
Broad bean 27 30 26 27 13 10 - . 9 1 0 •02 1
Onward pea 27 19 16 2 0 0 -.968 .01 1
Gladstone psa 24- 20 19 2 0 0 -.960 • 01 *
22
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Table 3.
Regression analyses for number of seeds (out of 30) 
germinating after 14 days in moist sand against 
duration of presoaking treatment in hours. 
Regression significant.
Species Source of Sum of Degrees Mean P
variation squares freedom square
Maize Regression 1 3 0 .3 2 1 1 1 3 0 .3 2 1 36.413
Residual 16 .3 1 2 4 4.1281 Total 166.833 3 (p=.01)!Meteor pea R^ression 2 7 3 .8 6 2 1 273.862 12.163
Residual 68.038 3 22.679
Total 3 4 4 .0 0 0 4 (p=.0 3)
Pioneer Regression 231.428 1 231.428 20.306
pea Residual 2 2 .3 7 2 2 11.286
Total 2 3 4 .0 0 0 3 (p=.0 3)
Broad bean Regression 266.477 1 266.477 1 9.339
Residual 3 3 .0 3 3 4 1 3 .7 6 3
Total 3 2 1 .3 0 0 3 (p=i023)
Onward pea Regression 4 9 7 .188 1 4 9 7 .188 44.376
Residual 33.612 3 11.204
Total 330.800 4 (p=.01)
Gladstone Regression 437.284' 1 437.284 3 3 .4 3 4
pea Residual 38.716 3 1 2 .9 0 3
Total 496.000
23
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Table 4.
Regression analyses for number of seeds (out of 30) 
germinating after 14 days in moist sand against 
duration of presoaking treatment in hours. 
Regression not significant.
Species Source of 
variation
Rice
Carrot
Lettuce
Radish
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Sum of Degrees Mean
squares freedom square
43.421
1 7 3 .3 1 2
218.833
26.332
1 1 0 .3 1 0
136.833
.462
106.407
106.833
208.426 
249.0 7 4
4 3 7 .3 0 0
24
1
4
3
1
4
3
1
4
3
1
4
3
4 3 .4 2 1
4 3 .3 2 8
26.332
2 7 .3 7 3
.462
106.407
F
1 .0 3 1
(N.S.)
.962
(N.S.)
.00.4:3
(U.S.)
208.426 3 .3 4 7
62.268
(If.S.)
M
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Figure 1.
Fitted regression line for number of seeds germinated 
(out of 30) against hours of presoaking treatment. 
Species tolerant of soaking (regression not significant)
Number of seeds
20 •
10 '
0
germinating rice r = +.456
lettuce r = +.0632
carrot r = -.440
hours of presoaking
23 .1
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Figure 2.
Fitted regression lines for number of seeds germinating 
(out of 3 0) against hours of presoaking treatment. 
Species intolerant of soaking injury (regression 
significant)
number of 
seeds germinating
broad be2 r= - . 910 (p=
iteor pea r=-.896 (p=.0 3)
os^ peaI d- * 01 )
Onward ?=-. 968 (Pioneer pea
r=-.933 (p=.
hours of presoakinf
Changes in morphology of seedlings after soaking seeds
V
si.
4
1
The foregoing analyses clearly divide the 
soaking tolerant from the soaking intolerant species 
but the division is based only upon the germination 
count. A further dimension may be added by an 
examination of the after e ffects on those seeds 
which successfully germinate after soaking compared f
with their controls. The height of seedlings was 
taken as a simple parameter to test this effect.
Results
Table 5 shows the results obtained for height 
(in cms) 14 days after.sowing together with tie 
correlation coefficient (r) for height against 
hours of presoaking treatment. Table 6 shows the 
equivalent regression analyses for height against 
duration of presoaking treatment for each species.
A significant effect of soaking on height was not 
recorded in any case, although the correlation 
coefficient for broad bean fell only marginally 
short of significance. Since the heights of -Ï*àflood sensitive species could not be recorded in 
all treatments (due to failure of germination after f
longer soaking treatments) there were very few 
degrees of freedom for the above tests (2 to 3) 
and therefore the results should be interpreted with
-1:
caution.
'I
,:i
■ fTable 3 also shows the results of a students 
t test, which was used to compare the mean values
after soaking with the control values in each %' #species, but there is no clear trend in the results. J
I
I
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Table 3*
Mean heights (#as) of soaking sensitive species 
14 days after sowing, with correaltion coefficient 
(r) for height against hours of presowing presoaking 
treatment. A students t test for height deviation 
from the control is also shown.
Species Hours of presoaking
treatment
Correlation Probability 
coefficient of r by
O S. 4 iht 'IZ
Meteor 68.67 29.24 29.7? 56.00
8.0. 5.40 3 .5 1 2 .4 5  5.48
Maize 60.37 69.66 98.8^111.64 42.63
8.0. 5 .5 1 5 .9 0  6.12 5 .1 4  9.76
Pioneer 6 5 .7 4 25.21 51.25
8 .0 . 4 . 5 6  2 .9 1 5 .8 1
Broad 259.0? 316.67 29L. 73 219.57170.56 
bean
8.D. 14.79 10.61 14.83 1 3 .9 6 20.62
height:hrs 
presoaking
-.0860
chance
N.8.
.0986 N.8.
.3 3 1 N.S.
.836 N.8.
(for P - . 0 3  
r=.878)
Students t test for comparison with control
+ indicates a significant increase in height 
- indicates a significant decrease in height 
when compared with the control.
■I
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Table 6.
Regression analyses for height of seedlings (mm) 
at 14 days against hours of presoaking treatment in 
seeds sensitive to soaking injury.
Species Source of Sum of Degrees Mean
variation squares freedom square
Maize
Meteor
pea
Regression 30.430 
Residual 3136.948 
Total 3187.376
Regression 8.381 
Residual 1130.279 
Total 1138.860
Pioneer Regression 102.102
pea Residual 741.472
Total 3 4 3 .3 7 4
Broad Regression 9440.286
bean Residual 4033*407
Total
1
3
4
1
2
3
1
1
2
1
3
4
3 0 .4 3 0
1 0 3 2 .3 1 6
8.381
373.140
102.102
7 4 1 .4 7 2
F
.029
H.S.
.0 1 3
N.S.
.138
N.S.
9440.286 6.987
1 3 3 1 .1 3 6 N.S.
. .'-'f
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Seeds of each of ten species ware soaked for 
24, 48 and 96 hours in distilled water in an 
incubator at 23°C. They were then sectioned and 
immersed in a 1% solution of tétrazolium stain for 
30 minutes after which they were examined under 
a microscope.
Induction of tissue damage on soaking seeds.
The previous two experiments in which the 
effect of germination on soaking characteristics 
was examined, showed that progressive soaking of 
sensitive species led to reduced germination.
Recovery is not complete on return to aerobic conditions 
after soaking,' and therefore the seed may be 
progressively damaged with soaking, and subsequently 4tissue degeneration may result. A tétrazolium stain S
is used to demonstrate this since it is known to 
react with live tissue to give a red colouration ï
(due to a reaction with dehydrogenases which are 
present in all living plant tissue). If tissue 
degeneration is occurring progressively with the I
duration of soaking treatment in sensitive species, 
then in these species the reaction with tétrazolium 
should become less pronounced after longer soaking 
treatments.
thod
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Results
No subjective measure was placed on the density 
of red colouration, but clear visual indication 
was given of loss of colouration in sensitive 
species with soaking. This is illustrated 
photographically in Plates 4 and 3 which show 
the effect of tétrazolium staining on two pea 
cultivars of differing sensitivity to soaking 
injury. , Plate 4 shows the effect of a 24 hour 
soaking treatment in cv. Meteor (4 half seeds 
on left of picture) and in cv. Pioneer (4 half 
seeds on right). Both of these cultivars will 
germinate after a 24 hour soaking treatment.
Plate 3 shows the effect of a 48 hour soaking 
treatment (Meteor on left and Pioneer on right).
In this case cv. Pioneer shows a marked loss 
of colouration due to tissue death. A 48 hour 
soaking treatment prevented this cultivar from 
germinating while Meteor was able to do so.
32 J
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Plate 4. Seeds of cvs. Meteor (4 half seeds on left) 
and Pioneer peas ( 4 half seeds on right) stained 
with tétrazolium stain after germination underwater for 
24 hours.
Plat“e™5T 8eeds““5T"”’pe”a cvs. IJfete'or (left) and""Fione'er 
(right) stained with tétrazolium after germination 
underwater for 48 hours.(^0
33
II. RESPIRATION AND SOAKING INJURY
Therefore, the small amount.of oxygen dissolved in 
the water is likely to be impottant in determining 
the course and rate of respiration. Measurement 
of oxygen uptake compared with carbon dioxide 
evolution will reflect the potential for oxygen 
uptake, which is relevant to partial anoxia.
,/vThis section examines the relationship |
between the soaking injury recorded in Chapter 1 
and the respiration rates of seeds after similar 
soaking treatments. This has been approached 
from three aspects
1. A comparison of the rate of aerobic 
respiration with germination in conditions of partial 
anoxia.
#ien seeds are subjected to soaking, oxygen is 
able to diffuse into the seed only from the soak 
water and may therefore become limiting. Morinaga 
(1926) reported that a reduction in available 
oxygen during germination resulted in reduced 
germination in many species, but in a few others 
eg. Typha latifolia and Cynodon dactylon 
germination was increased with a reduction of 
available oxygen (8% oxygen optimal). |
In the total absence of oxygen seeds are 
unable to germinate (Chapter 1, also James, 1933). 31
54
k::} ' 3' .ici'':':"./ '.V r .' A ' - . z - - Z . " , '.'ÿ
:l
2. A comparison of respiration under nitrogen 
with, germination ability under conditions of 
partial anoxia.
In the absence of oxygen plant tissues can f
continue to give off carbon dioxide (deSaussure, 4
1804) with the production of alcohol (Lechartier
and Bellamy, 1869, 1872) and for each molecule '3of sugar consumed two molecules of alcohol and two dmolecules of carbon dioxide will be produced if the 
conversion is complete. This is the case with "
carrot tissue (James, 1971) which satisfies the 
Gay Lussac equation to within 1%.
r ~  ZCgH.OH + 2CO2 '.Î
However, alcohol is not rhe sole product of anaerobic 
respiration in plant tissues but it is often the 
maj or c onponent.
During temporary anaerobiosis lactic^ acid 
accumulates in many animal tissues (eg. kidney cells).
It is not toxic and can be remetabolised when oxygen 
is available. In plants lactic acid accumulation 
is less common, but in potatoes for example, half 
of the product of anaerobic respiration is lactate 
(James, 1971)* Since alcohol and lactate are the 
two most frequently reported anaerobic products in 
plants, it is likely that those seeds which are 
able to accumulate lactate in preference to alcohol
i
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1Imay have a higher tolerance of anaerobic respiration, in that lactate may be remetabolised to repay the oxygen debt while alcohol is normally irreversibly 
formed (James, 1971)-
A comparison of the levels of respiration 
under nitrogen will, therefore, give a measure 
of the activity of the seed after soaking and of 
the possible accumulation of toxic end products.
"I(This will not give a measure of non toxic end |
products, such as lactate, because no carbon 
dioxide is liberated during its formation).
3 . An examination of changes in the rate of 
glycolysis after germination under partial anoxia.
As already discussed not only is the rate of 
end product accumulation important, but the change 
in rate is also important. This is because 
metabolic rates alone do not indicate the nabure 
of a plant response to any particular environmental 
stress. However, when the change of rate of any 
particular reaction is noted, then this can be 
related to the effect of the environmental change 
(in this case partial anoxia) on the process under 
investigation.
In a study of -carbon dioxide evolution,
James (1971) was able to show that carrot tissues 
under anaerobiosis (under nitrogen) increased
' 36
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carbon dioxide emission with alcohol accumulation,
while carbon dioxide emission in potatoes fell JIunder anaerobiosis, with lactate accumulation.
,j../VJX V  d l i  V  V  W  VU.C5 Ü U X J . X  W  VVXXw U X X v ^ X
In potato there followed a period of rapid carbon 
dioxide emission on return to air, as the lactate ;J
was remetabolised, but in carrot there was no 
such increase.
It is therefore important to determine whether 
seeds, when soaked, accumulate alcohol or non 
toxic end products, or even slow their respiration 
rate to avoid accumulation of toxic products in 
too high a concentration.
- Changes in Pisum sativum L and in rice
A varying number of seeds, depending on seed ,étype, were taken after soaking treatments of j, 6, p
12, 24'or,48 hours at. 23^C and their respiration 
rates were measured using's Warburg apparatus.
The rate of anaerobic respiration was measured 
after gassing the flasks for ten minutes with 
nitrogen in order to simulate anaerobic conditions.
Results
Tables 7, 8 and 9 show the resuts obtained.
A regression analysis was carried out (see Tables 66-68 
statistical appendix) for the respiratory quotient 
(RQ), oxygen uptake (qO^), carbon dioxide evolution 
(QC0^) and respiration under nitrogen (QCO^^ hr"^)
37 g
'1
with duration of soaking treatment and those 
analyses demonstrating significant changes are 
shown in figures 3, 4 and 3*
Anaerobic respiration rate (qCOg^ hr"^) 
gave a significant negative linear correlation 
with duration of soaking treatment in Pioneer pea 
(p=.01), while in Meteor pea QCO^^hr”  ^was 
positively correlated with duration of soaking /f
treatment (p=.03). In rice both and "^ OOg 
were positively correlated with duration of soaking 
treatment (p=.01 and p= .0 3 respectively).
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—  1 —1Table 7* Respiration rates (y^l mg dry weight"* hr"* ) 
of Pioneer pea seeds after soaking in water or 
germinated on moist filter paper for varying lengths 
of time.
Duration
soaking
of QOg QCOg Rq qcOg^]
3 hours ■ .240 .426 1 .7 7 3 . 666
S.D. .0308 . 0664 .336 .0497
6 hours .411 .469 1.141 .683
S.D. .0139 .0763 .211 .0 1 3 4
12 hours .378 .3 3 3 1.468 . 393
S.D. .00263 .0430 .104 .0281
24 hours .339 .3 9 3 1.163 .369
S.D. . 0170 .00999 .0480 .0 3 9 7
48 hours .314 .367 1.168 .468
S.D. .0631 .0 3 2 7 .0996 .1 3 7
Duration 
on moist
of germination 
filter paper
12 hours .332 .338 1.078 .3 3 0
S.D. .0 3 1 3 .0292 .0338 .1 2 3
24 hours .3 3 2 .3 0 3 .861 .4 9 0
S.D. .0 7 1 9 ' .0633 .146 .0306
I
I
II:ÆAI
Values in the body of the table are each means 
of four replicates.
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—  1 —1Table 8 . Respiration rates (41 1 lag dry weight~ hr~ ) 
of Meteor pea seeds after soaking in water or 
germinated on moist filter paper for varying lengths 
of time.
-1Duration
soaking
of qOg qcOg QGOg
3 hours .2 2 9 .1 9 3 .8 3 1 .3 1 7
S.D. .0316 .0 0 3 7 0 .0 3 2 8 .0 3 3 4
6 hours .292 .2 9 1 .9 9 7 .3 3 1
S.D. .0 3 3 1 .0 3 0 9 .286 .0102
12 hours .3 1 0 .3 3 1 1 .1 3 2 .403
S.D. .0287 .0 3 2 0 .0461 .0 2 3 4
24 hours .298 .407 1 .3 6 6 .4 4 3
S.D. .0 4 3 0 .0626 .0 4 4 7 .0 2 3 3
48 hours .3 2 9 .3 7 3 1.140 .4 7 6
S.D. .0 3 1 0 .0 3 0 0 .1 3 3 .0263
Duration of germination
on moist filter paper
12 hours .183 .1 3 1 .816 .2 1 7
S.D. .0642 .0904 .276 .0 3 9 2
24 hours .448 .3 2 2 .7 1 9 .398
S.D. .118 .1 0 9 .128 .0 7 1 3
I%
A
?iI
I
1I
Each value in the body of the table is a mean of 
four replicates.
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««1 —1Table 9* Respiration rates (/^l mg dry weight”* hr"” ) 
of rice seeds after soaking in water or germinated 
on moist filter paper for varying lengths of time.
Duration
soaking
of qco^ RQ
3 hours .0127 .0 1 0 5 .811 .0 5 1 0
S.D. .00286 .0 0 5 8 6 .1 5 6 .0 0 5 1 2
6 hours .0125 .0129 1 .0 5 2 .0184
S.D. .0 0 5 8 3 .0 0 5 0 0 .1 2 5 .00892
12 hours .0 1 5 2 .0 5 5 7 4.220 .0605
S.D. .0 0 6 1 5 .0 1 1 0 2.567 .0 0 7 7 0124 hours .0 1 7 0 .1 01 5 .9 4 1 .1 0 5
S.D. .000577 .0272 1 .4 7 7 .0 0 5 1 7
48 hours .0 2 7 0 .108 4.000 .1 1 5
S.D. .00666 .0262 1 .9 4 4 .0 1 2 7
Duration of germination
on moist filter paper
12 hours .00748 .0 2 5 2 5 .1 0 2 .0565
S.D. .0 0 1 5 1 .00691 .1 1 5 .0111
24 hours .0822 .101 1.229 .0458
S.D. .0 1 7 7 .0 2 2 5 .0 5 1 2 .0142 -
Bach value in the body of the table is a mean 
of four replicates.
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Figure 5 .
Fitted regression line for increase in aiserobic 
respiration rate under nitrogen 1 GOg mg dry 
wight“ hr~ ) with duration of soaking treatment 
in Meteor pea seeds
nQCOg hr
(yA\. 1 mg dry weight~^hr 
A
3 6 12 24-
hours of soaking
IV
I
r = .9081 
p = .01
48
y = .5 9 4 4 + .00 3 4 51 (x - 18.600)
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Figure 4.
Fitted regression line for decrease in anaerobic 
respiration rate under nitrogen (/a 1 mg dry weight' 
hr""^) with duration of soaking treatment in Pioneer 
pea seeds.
-1
QCOg'^ hr“^
(/A 1 mg dry weight” hr
= -.9658
6 12 24
hours of soaking 
y = .5966 -.004567 (x - 18.600)
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Figure 5»
Fitted regression lines for increase in carbon 
dioxide evolution and oxygen uptake (/\1 mg dry 
weight“ i^ir”*^ ) with duration of soaking treatment 
in rice seeds.
/I
QCOg or QOg •
(yA 1 mg dry weight""^ hr~^)
.12
.08
.04
.9822 p = .01
.0
QOg fitted regression line y
Qco^ . y
44
hours of soaking
.01648+:0003310(x-18.600)
.05758+.002262(x-18.600)
ê
1The mean overall values after soaking for 3 to 
48 hours for QOp, qCO^, RQ and qCOg^ were compared 
between species. All interspecies comparisons 
were significantly different (Table 10).
Except for RQ values, Pioneer pea gave the 
<r" highest rates for all the respiration measurements, 
followed by Meteor pea and the lowest values were 
recorded for rice. However, rice gave the highest 
RQ value, then Pioneer pea and least in Meteor.
A comparison of air and water treatments was 
conducted overall for the 12 and 24 hour soaking 1
treatments. The results are presented in Table 11.
In Meteor pea. Pioneer pea and rice, there was 
a significant increase in Rq on soaking, and in 
Meteor pea and Pioneer pea there was a significant 
increase in QCOg. Pioneer pea also showed a significant 
increase in QCOg^ on soaking.
Table 10. Mean respiration rates (y^l mg dry weight*”^  
hr~^) for 3 to 43 hour soaking treatments of Pioneer 
pea. Meteor pea and rice seeds.
Species
Meteor pea 
Pioneer pea 
rice
(Probability of observed difference in column means 
arising by chance p=.OQl an all cases).
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qcOg RQ QOOg^
.2916 .3238 1 .0 9 7 2 .3 9 4 4
.3364 .4424 1 .3 1^.34 .5966 1
.01648 .05760 3 .2 0 1 0 .06914
Table 11.
Comparison of respiration rates (/a 1 mg dry weight~^ 
iir~^ ) of seeds after soaking underwater with 
respiration rates of seeds germinated on moist 
filter paper in Meteoc pea, Pioneer pea and in rice.
Species QO, QCO, EQ
Meteor control .3165
underwater . 304-0
p N.S.
Pioneer control .3^20
underwater .3585
• p N.8.
rice control . 04-11
underwater .0 1 5 1
p . 001
.2365 .7675
.3790 1.2490
.02
.5 5 0 5
.4 7 5 0
.001
.0621
.0784
w.s.
.001
.9695
1 .1 5 6 5
.01
2.166 
5 .0 8 1  
.02
QPO;
.3 0 7 5
.4040
E.S.
.4200
.5820
.002
.0411
.0817
E.8.
n
All values within the table of means are means of 
both 12 and 24 hour soaking treatments. Probability 
(p) is based on a students t test for chance 
occurrence of the difference between control 
and underwater treatments.
1^-6
' r-.
' ^ T. ' ■ . i\. ; :4  . f x
Changes in respiration rate on soaking seeds of a 
wider range of species.
Similar experiments were carried out for aV
wider range of seed types, but with fewer treatments. 
The results are shown in Tables 12 (soaking tolerant 
species) and 13 (soaking susceptible species) 
with a students t test for the difference between 
seeds soaked underwater for 24 hours and seeds 
germinated on moist filter paper for 24 hours for 
eaph species (Pioneer pea, Meteor pea, rice included 
for comparison). Rice, radish, maize and broad 
bean showed significantly reduced oxygen uptake 
while carrot showed a significant increase. Carrot 
and Meteor pea showed an increase in carbon dioxide 
evolution whereas^ifecreased carbon dioxide 
evolution significantly. Rice, broad bean and 
Meteor pea gave an increase in RQ. Rice, maize and 
broad bean showed a significant increase in 
anaerobic respiration rate under nitrogen while 
carrot and^adish decreased respiration rates 
under nitrogen significantly on soaking. Table 
.14 shows the relationship between respiration under 
nitrogen and germination ability underwater.
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Table 12.
Comparison of respiration rates (/a 1 mg dry weight 
hr“^) between seeds soaked for 24 hours underwater 
and seeds germinated for 24 hours on moist filter 
paper in a range of species.
Species tolerant of soaking injury.
Species QO^
.1
QCOg aq QCO
.101 1.229 .0458
.101 5 .9 4 1 .1 0 3
N.S. .0 2 .02
.351 .776 .1 7 2
.245 .845 .0616
. O5 N.S. .001
.3 0 7 .666 .176
.264 .653 .1 9 9
N.S. N.S. N.S.
.1 4 7 .653 .0677
.360 .736 .0263
.02 N.S. .0 5
n
rice control .0822
underwater .0170
p .02
radish control .463
underwater .290
P .05
lettuce control.461 
underwater .404
P N.S.
carrot control .225
underwater .489
p .001
All values in the table are means of four replicates.
The probability (p) is the probability of chance 
observation of the difference between the control 
value and the respiration rate for underwater germination
■Ï
I
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«Table 13.
Comparison of respiration rates (yv. 1 mg dry weight"*^ 
hr~^) between seeds soaked for 24 hours underwater 
and seeds germinated for 24 hours on moist filter 
paper in a range of species.
Species intolerant of soaking injury.
nSpecies qOg QCOg aq qco.
maize control .144 .1 9 9 1.382 .144
underwater .0536 .186 3 .4 7 0 .240
P .001 N.S. N.S. .02
broad bean control .3 1 5 .1 9 0 .633 .164
underwater .2 5 4 .2 9 0 1.142 .269
P .02 N.S. .0 5 .0 5
Meteor pea control .448 .3 2 2 .7 1 9 .398
underwater .298 1.407 1.366 .4 5 5
P N.S. .001 .02 N.S.
Pioneer control .3 5 2 .3 0 3 .861 .4 9 0
underwater .3 3 9 .3 9 5 1.165 .569
P N.S. N.S. N.S. N.S.
I
All the values in the table are means of four replicates.
The probability (p) is the probability of chance |
observation of the difference between the control #■'1value and the respiration rate for underwater 
germination.
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Table 14.
The relationship between the rate of respiration
—1 — 1 \imder nitrogen Cm  1 mg dry weight _ hr ) and 
germination ability underwacer in the seeds of 
some crop species.
Species Respiration under 
nitrogen( 1 mg ,
dry weight™^hr~^)
Germination under 
water
Pioneerpea
Meteor ■pea I 
broad bean
maize
lettuce
rice
radish
carrot
.569
.445
.269
.240
.199
.103
.0616
.0263
none (p=.04 x 10~^^)
none (p=.09 x 10~^^)
none (p=. 04 x 10~^*^)
none (p=.09 x 10"^^) 
but slight radicle emergence 
germinates slightly less 
well underwater(p=.03) 
germinates equally well 
(p=.49)
germinates equally well 
(p=.50)
germinates equally well 
(p=.38)
All respiration rates are means of four values.
The bracketed probability figures are the probabilities
of germination underwater based on the binomial
used in Chapter 1.
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III. SOAKIiTO AMD SUGAK MÆDABOLISM la SiïâDS |IWhen seeds germinate respiratory energy is 
provided from the breakdown of carbohydrate 
reserves within the seed. Since carbohydrat es 
are the main storage products in seeds a study 1
of their breakdown will give an indication of the v.-
major metabolic changes in the seed. $
During germination, starch is usually 
converted by the enzyme amylase to sugars, the 
levels of which normally increase during germination 
(in castor beans, Yamada 1955; in wheat, Yocum,
1925; in barley,McLeod, 1957), prior to being 
respired. Morohashi and Shimokoriyama (1972) 
found the main sugars to be sucrose, fructose 
and glucose in chromatographic extracts of 
Phaseolus mungo and they reported that sucrose f
was the main free sugar. j
However, McLeod observed no increase in 
sugar in barley when given a 24 hour soaking 
treatment, while Morohashi and Shimokoriyama 
(1 9 7 2) demonstrated a decline in sucrose levels 
during the first nine hours of germination in 
Phaseolus. In both these cases there is a period 
of at least partial anaerobiosis. A probable 
explanation for such a fall lies in the 
facb that the energy yield per molecule of sugar
is far less for anaerobic respiration and therefore 
more sugar is likely to be consumed to meet the 
energy requirement of the seed.
This section, therefore, examines the effect 
of soaking on seeds as shown by changes in both 
non reducing (sucrose) and in reducing sugars 
(fructose and glucose) in relation to germination 
and respiration rates of seeds after soaking.
Method
A known weight of seed of each of ten crop 
species was soaked for 0, 12,, 24, 48 or 96 hours 
in 50 ml beakers completely full of distilled water 
at 25^0. The seeds were then extracted in 
distilled water, passed through muslin and 
centrifuged at 7,000 rpm for 50 minutes. Samples 
taken both before and after inversion with the 
enzyme invertase (in a shaker bath at 25°G for 
two hours) were titrated against known thiosulphate 
(as detailed in the appendix).
Results
Table 15 gives the results as mg sucrose 
and as mg fructose f glucose per g dry weight 
seed with standard deviations based on three 
replicates for soaking tolerant species. Table 
16 gives the results for soaking sensitive species.
:v,
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of soaking treatment. Table 20 shows the overall 
change in sugars as mg g"*^  dry weight seed hr” ,^ 
calculated from their respective regression 
equations for sugar mg g""^  dry weight seeds 
against duration of presoaking treatment.
■j%
Figure 7 shows these results graphically for
sucrose in soaking tolerant species and in
Figure 8 for soaking intolerant species.
Regression analyses were carried out for
—1fructose + glucose and for sucrose (mg g dry 
weight seed) against duration of presoaking 
treatment, and the results of an F test on each 
species regression is given in Table 1?, for k
soaking tolerant species, and in Table 18 for 
soaking intolerant species and in Table 19 for t
four pea cultivars. Only broad bean. Meteor pea,
IGladstone pea and maize showed a significant 
linear fall in sucrose with increase in duration
55
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Table 15. Changes in mg fructose + glucose and 
in sucrose (mg g~^dry weight seed) after 0 to 96 
hour presoaking treatments in the seeds of some 
crop species.
Species tolerant of soaking injury.
Species Hours of presoaking treatment
Standard deviations (S.D.) are based on three replicates 
fr/gl = sum of fructose and glucose in mg g~^ seed.
54-
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0 12 24 48 96
rice fr/gl .441 2 .5 1 4.14 2 .5 7 5.42
S.D. .0180 .924 .0567 .600 .0567
rice sucrose 8.56 1.67 .7 5 7 .760 .2 7 0
S.D. .355 .108 .2 7 4 .282 .1 1 7
lettuce fr/gl 24.84 56.00 4 7 .1 6 28.80 28.44
S.D. 2.16 1 .9 0 .9 5 2 1 .5 0 1 .5 7
lettuce sucrose 20.16 12.24 5 .7 6 1 7 .2 8 4 . 5 2
S.D. 4.01 2.88 5 .2 0 2 .4 9 1.08 1
carrot fr/gl 14.40 2 5 .0 2 2 5 .5 6 6.84 10.44 5■i
S.D. .476 1.18 .9 0 0 .649 1 .7 2 1
carrot sucrose 6.05 4.14 4 .5 2 2 .4 5 7 .9 2
S.D. .800 .9 5 2 .9 9 4 .2 7 0 1 .7 2
radish fr/gl 1 5 .5 0 5 .08 2 5 .1 5 11.61 1 7 .0 1 !
S.D. .412 .0 5 1 2 .0 9 0 .468 .412 "2
radish sucrose 2 2 .5 2 5 .5 1 6 5 .2 7 4 .7 7 20.96
S.D. 1.562 .1 9 5 2.66 .6 5 0 1.65 1
■Î
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Table 16. Changes in mg fructose + glucose and 
in sucrose (mg g“'^ dry weight seed) after 0 to 96
hour presoaking treatments in the seeds of some ' 44crop species.
Species intolerant of soaking injury.
Species Hours of presoaking treatment
0 12 24 48 96
maize fr/gl 8.12 12.65 1 0 .9 4 8.06 12.42
S.D. .065 .217 .1 5 7 .567 .489
maize sucrose 21.75 24.16 2 2 .2 7 18. 51 7.18
S.D. .692 .941 2.67 .2 1 9 .165
Gladstone fr/gl 5.94 2.18 7.67 5 .1 8 1 1 .5 6
S.D. .562 .255 .064 .286 .061
Gladstone sucrose 57.26 2 9 .5 0 5 1 .6 6 19.08 1 1 .5 4
S.D. 1.09 .0 7 9 5.48 2.56 .5 9 0
Meteor fr/gl .648 1 .9 1 5 .0 2 5 .4 7 6 .7 5
S.D. .085 .065 .567 .5 1 2 .2 5 4
Meteor sucrose 25.81 26.80 1 9 .5 5 9 .1 5 7 .7 6
S.D. .255 .695 .887 .601 .5 1 5
Onward fr/gl 5.00 5.98 5 .9 9 2 .5 7 5 .5 6
S.D. .605 .1 9 9 .221 .5 9 0 .082
Onward sucrose 55.57 55.80 51.56 8.42 1 0 .9 1
S.D. .757 .4 5 4 1.67 .9 7 2 .411
Pioneer fr/gl 1.44- 5 .1 1 7 .6 0 4 . 5 7 6.84
S.D. .018 .056 .0 9 7 .204 .176
Pioneer sucrose 29.25 28.95 52.54- 14.55 1 2 .5 5
S.D. 1.95 6.61 6.40 .809 4.11
broad bean fr/gl 5.14 6 .5 5 5 .6 0 2 .0 7 5 .2 1
S.D. * .098 .148 1 .4 5 4 .5 9 5 .5 7 0
broad bean suerose28.70 24.52 20.41 16.20 14.01
S.D. .972 .872 1.81 .686 1.02
Standard deviations (S.D.) are based on three replicates, 
fr/gl - sum of fructose and glucose mg g^^seed.(dry weight).
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Table 17» Regression analyses for changes in sugar 
(mg g~^dry weight seed) with duration of presoaking 
treatment (O to 96 hours) in the seeds of some 
crop species which are tolerant of soaking injury.
Species Source of Sum of Degrees Mean P
variation squares freedom square
rice fr/gl Regression 2.2029 1 2.2029 1.176
Residual 5.6185 5 1.8728
Total 7.8214 4 R.S.
rice sucrose Regression 19.1476 1 1 9 .1 4 7 6 1.998
Residual 29.8595 5 9 .7 5 0 2
Total 48.5981 4 N.S.
lettuce fr/gl Regression 12.8596 1, 12.8596 .121
Residual 501.654 5 1 0 0 .5 5 1
Total 514.514 4 N.S. '
lettuce sucroseRegression 67.185 1 67.185 1.609
Residual 125.246 5 4 1 .7 4 9
Total 1 9 2 .4 5 1 4 N.S.
carrot fr/gl Regression 89.281 1 89.281 1 .5 4 0
Residual 1 9 9 .8 5 0 5 66.610 N.S.
Total 2 1 7 .1 1 0 4
Carrot sucrose Regression .01089 1 .01089 .00188
Residual 1 7 .5 7 8 5 5 .7 9 2 7
Total 17.589 4 N.S.
radish fr/gl Regression 18.055 1 18.055 .2 7 2
Residual 1 9 9 .0 5 5 5 6 6 .5 5 2
Total 2 1 7 .1 1 0 4 N.S.
radish sucrose Regression 1 9 .0 7 2 1 1 9 .0 7 2 .0246
Residual 2519.892 5 775.297
Total 2558.909 4 N.S.
fr/gl = summation of fructose and glucose
i
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Table 18.
Regression analyses for changes in sugar (mg g" 
r- dry weight seed) with duration of pre soaking treatment 4
(0 to 96 hours) in the seeds of some crop species -.1
which are sensitive to soaking injury. 
Species Source of Sum of Degrees Mean F
1 
■ 1
variation squares freedom square '•i
maize fr/gl Regression 2.2877 1 2.2877 .585 /
Residual 17.8228 5 5 .9 4 0 9
Total 20.1105 4 N.S.
maize sucrose Regression 166.2950 1 166.295 2 7 .2 9 5
Residual 18.2786 5 6 .0 9 2 9
Total 47.6800 4 p=.025
broad bean fr/gl Regression 6.4000 1 6.4000 2 .7 4 7
Residual 6.9901 5 2 .5 5 0
Total 1 5 .5 9 0 1 4 N.S.
broad bean suer,Regression 118.680 1 118.680 2 .7 4 7
Residual 2 5 .5 1 0 7 5 - 7.857 '{
Total • 142.191 4 p=. 05 1
*
fr/gl = summation of fructose and glucose 1
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/ Table 19. Regression analyses for changes in sugar 
(mg g~^dry weight seed) with duration of presoaking 
treatment (0 to 96 hours) in the seeds of four pea 
cultivars which are sensitive to soaking injury.
Qultivar Source of Sum of Degrees Mean P
variation squares freedom square
Gladstone fr/glDegression 2 7 .4 7 7 1 2 7 .4 7 7 4 .0 7 0
Residual 2 0 .2 5 5 5 6 .7 4 4
Total 4 7 .680 4 N.S.
Gladst.sucrose Regression 401.069 1 401.069 56.980
Residual 5 2 .5 5 7 5 10.846
Total 4 3 5 .606 4 P=.01
Meteor fr/gl Regression 1 7 .5 5 0 1 1 7 .5 5 0 8.609ii Residual 6.047 5 2 .0 1 5
Total 25.596 4 N.S.
Meteor sucrose Regression 262.569 1 262.569 1 2 .8 5 4
Residual 61 .2 5 4 5 20.411
Total 5 2 5.605 4- P=.05
Onward fr/gl Regression .0488 1 .0488 .0 1 9 2
Residual 7.626 5 2 .5 4 2 N.S.
Total 7 .5 7 7 4
Onward sucrose Regression 494.884 1 494.884 7 .2 7 5
Residual 204.069 5 68.025
Total 698.955 4 N.S.
Pioneer fr/gl Regression 1 1 .5 7 2 1 1 1 .5 7 2 2.085
Residual 16.648 5 5 .5 4 9
Total 28.220 4 N.S.
Pioneer sucros<3 Regression 2 5 4 .8 5 5 1 2 5 4 .8 5 5 8 .4 7 5
Residual 90.251 5 5 0 .0 7 7
Total 142.191 4 N.S.
fr/gl = summation of fructose and glucose
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Table 20.
Ohanges in sugar content of seeds (mg g~^dry weight 
seed hr~^) calculated from fitted regression 
equation for sugar against duration of presoaking 
treatment of seeds of several crop species (taken 
over 0 to 96 hours of soaking).
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Species mg g dry weight seed~^hr~^ ■1
■ÏSucrose Fructose + glucose Overall
Onward pea -.2951 + .0 0 2 9 1 0 - . 2 9 0 2 g
Gladstone pea -.2659 +.06905 - . 1 9 4 9 •- hii
Meteor pea -.2154 +.05488 -.1585 "I
Pioneer pea -.2105 + .04440 -.1659
maize -.1699 + .0 1 9 9 5 - . 1 5 0 0
broad bean -.1455 - .0 5 5 5 5 - . 1 7 6 8 ■
lettuce -.1080 - . 0 4 7 2 5 - . 1 5 5 5 â
rice -.05767 +.01956 -.05811 '1
radish - . 0 5 1 5 4 + .0 5 5 9 9 +.004455 1
carrot - . 0 0 1 5 7 0 -.1245 -.1259 ' T;
i-oL--
1Figure 7* Change in sucrose content of seeds (mg g 
dry weight seed) with duration of presoaking treatment 
(0 to 96 hours) in some crop species tolerant of 
soaking injury.
mg sucrose
dry weight “1seed
40
20
10 carrot
lettuce
rice
12 24 48 96
I
i
■iI
Î
hours of soaking treatment
è
■I
;
60 H
Figure 8. Change in sucrose content of seed (mg g~ 
dry weight seed) with duration of presoaking treatment 
(0 to 96 hours) in some crop species which are
intolerant of soaking injury.
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IV. METABOLISM OF END PRODUCTS OF RESPIRATION
I
Metabolic variation of genetic origin 
(eg. soaking tolerance) is most likely to be 
controlled by enzyme synthesis since the behaviour 
of a metabolic system depends to a great extent |
on the presence and properties of enzymes which 
catalise the reactions involved. Thus, Crawford 
(1966) showed increased glycolysis on experimental 
flooding in Senecio and an increase in alcohol 
dehydrogenase activity in plants intolerant of 
flooding (1967). He demonstrated an insignificant 
increase in ADH activity in helophytes while in 
non helophytes there was up to a seventy fold 
increase in activity. This led to the suggestion 
that the accumulation of ethanol as an end 
product of glycolysis could account for some of 
the damage caused in flood sensitive species.
Several workers have reported similar ADH 
induction and alcohol accumulation in seeds. App 
and Meiss (1958) stated that there is ADH induction 
in germinating rice seedlings and showed that 
aeration of the water in which the seeds were 
germinating reduced ADH activity, but when aeration 
ceased activity rose again. However, in normal 
germination, ADH activity decreased by forty percent I
during the first seven days of germination in pea
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seeds (Kolloffel, 1970) and alcohol production largely 
ceased when the radicle ruptured the seed coat with 
a reduction in ADH activity (Cossins and Turner,
1962), Anaerobic germination of similar seeds did 
not show a decline in ADH activity (Kolloffel,
1968; Maffei-Faccioli, 1959).
It is probable therefore, that a control of 
ADH induction and alcohol accumulation would 
render seeds more tolerant of soaking. Further, 
Crawford (1972) reports that there is a diversification
of the end products of glycolysis on experimental
!flooding'. For example in those species of bog 
plants able to withstand flooding, there was an 
increase in malic acid content of their roots on 
experimental flooding (Crawford and Tyler, 1969).
Also, during temporary anaerobiosis, lactic acid, 
a non toxic end product accumulates in many tissues.
It is therefore likely that the accumulation of 
non toxic end products of respiration is an 
additional mechanism of avoidance of soaking injury 
in seeds.
The presence of lactic acid in seeds under 
anaerobiosis has been reported by several workers; 
for example, Sherwin and Simon (1969) showed that 
the activity of lactic dehydrogenase increased in 
French bean seeds with dampness of the sand, as it 
did when the seeds were transferred to a nitrogen
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environment, while the accumulation of lactic acid 
also rose. Wager (1961) and Cossins (1964) also 
detected lactic acid under anaerobiosis in peas 
at the start of germination.
A study of the accumulation of alcohol, malic 
acid and lactic acid will give the relative 
importance of the accumulation of non toxic end 
products of respiration.
Changes in the ethanol content of seeds on soaking.
Method Changes in ethanol on soaking seeds
Seeds of each of ten species were assayed for 
ethanol after 0, 24, 48 and 96 hours soaking at 
25°C. A similar batch were assayed after 96 hours 
germination on moist filter paper also at 25^C.
The seeds were extracted in 6>ô perchloric acid and 
deproteinised in an ice bath with K^CO^. The 
supernatant was used in the tests employing a 
Pye-Unicam spectrophotometer at 340 nm. The assay 
is detailed in the appendix.
Resuits
-1Ethanol was calculated as /K M ethanol g dry 
weight seed and is given in Table 21 for species 
tolerant of soaking injury after soaking from 0 to 
96 hours or after germination on moist filter paper. 
Table 22 summarises the results for species
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susceptible to soaking injury. The content of 
ethanol in all seeds (except lettuce) rose on 
soaking when compared with controls after 96 
hours (Table 23)* After soaking increases of 
. 3  to 3‘3 times as much ethanol were recorded 
in soaking tolerant species compared with their 
controls (9 6 hours), while 3 *8 to I7 .O times as 
much ethanol was recorded on soaking sensitive 
species for 96 hours.
The general trend was for an increase in
ethanol with increase in duration of soaking,
although in some species a distinct fall was
recorded at 96 hours, but this is probably due to
a decline in metabolism with injury. Regression
analyses, however, did not show a significant
linear increase of ethanol with duration of
♦soaking treatment (Appendix). (This research was 
concentrating upon changes within the seed and 
therefore analysis of the soakwater was not 
carried out. Due to the rapid diffusion rate 
of ethanol there was possibly some loss into 
the soakwater from the seed).
The ratio of ^  M ethanol (g dry weight seed~^) 
for underwater germination to germination on 
moist filter paper was calculated for the 96 
hour treatments to estimate how much ethanol 
increased as a result of soaking.
♦Tables 69 to 73 Appendix.
I
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-lTable 21. ^  M ethanol g dry weight seed after
0, 24, 48 and 96 hours germination underwater and 
after germination on moist filter paper in seeds 
of several crop species tolerant of soaking injury.
Species Hours of treatment
0 24 48 96
Correlation 
coefficient 
for ethanol 
against hrs 
of soaking
rice
air
water
carrot
air
water
lettuce
air
water
radish
air
water
\ 9 4 9 4  8.4268 14.9850 2.8?74 .06951
6 .0 5 3 8 6 .5 9 5 7 8 .7 4 4 4 .8937
20.7846 3 4 .3906 38.6477 38.7312 .7972
38.6477 143.2421 83.0551 .5556
10.4429 3 9 .9 0 2 5 22.2267 54.8558 .8 O7I
23.6896 28.5656 20.2357 .4235
1.6009 4 .0 7 2 5 3.0287 3.5587 .53296". loot: . . ' " : . .7642
All of the values in the table are means of three 
replicates.
air= control treatments germinated on moist filter 
paper.
water- seeds germinated underwater.
Ratio 
96 hrs 
under 
water : 
96 air
3.0390
2.1444
.3689
3.3283
I
I
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Table 22. M ethanol g dry weight seed~^ after 
0, 24, 48 and 96 hours germination underwater and 
after germination on moist filter paper in seeds of 
several crop species susceptible to soaking injury.
Species Hours of treatment
0 24
Correlation Ratio 
coefficient 96 hrs 
for ethanol under 
against hrs water: 
%  of soaking 96 air
Ii
maize
air
water 
broad bean
air
water 
Meteor pea
air
water 
Onward pea
air
5.1693 34.4186 11.6363 11.7405 -.08423 3-8115
10.0869 12.6390 44.7484 .9462
31.1389 23.2300 5.4300 5-1206 -.8826 9.5173
6.2490 32.1593 48.7349 .6521
10.7387 91.0475 33.8130 9.1305 -.2938 6.6056
199.3014 72.0999 60.3127 -.03366
1 3 .3 4 9 2 81.7904 4 7 .4 1 5 8 6.4324 -.3310 16.9388
76.4031 127.8380 111.0126 .7733water 
Pioneer pea
efr 5 .9 4 0 2 111.6101 8 6 .7 7 9 4 1 0 .4 3 9 3 -.1783 9.2999
water 167.9969 173.7670 97.0856 .3117
Gladstone pea
air 10.3163 84.3865 48.9366 7.1417 -.2839 6.9804
water 167.9435 131.0726 49.8524 .002494
All of the values in the table are means of three replicates. 
air= control treatments germinated on moist filter paper, 
water= seeds germinated underwater.
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Table 23* Comparison of the increase in ratio of 
ethanol (g”^seed) after 96 hours soaking to controls 
germinated on moist filter paper for 96 hours with 
the decline in sucrose content of seeds on soaking, 
and with the rate of respiration under nitrogen in 
several crop species.
Species Ratio of ethanol 
after soaking 
seeds for 96 hrs: 
96 hr germination 
on filter paper
Anaerobic 
respiration 
(QCO^ lini^  
dry weight 
hour""^)
Pall in
sucrose
(mggseed
hour~^)
Onward pea 16.959 - . 2 9 3 1
broad bean 9.318 .269 -.1435
Pioneer pea 9 .3 0 0 .369 - . 2 1 0 3
Gladstone pea 6.980 -.2639
Meteor pea 6.606 .4 4 5 - . 2 1 3 4
maize 3.812 .240 -.1699
radish 3 .3 2 8 .0616 - . 0 5 1 5 4
rice 3 .0 3 9 .1 0 3 -.05767
carrot 2.144 .0263 - . 0 0 1 3 7 0
lettuce .3689 .1 9 9 -.1080
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/ Changes in malic acid content of seeds on soaking. 
Method
Malic acid was estimated in a similar manner 
;• to alcohol. The details of the assay are given 
in the appendix.
Results
Malic acid was calculated as v^M malate g dry 
weight seed~^ after 0 to 96 hour soaking treatments
1
iand after 96 hours germination on moist filter |
paper for soaking tolerant species (Table 24)Iand for 'poaking intolerant species (Table 25)- 
Regression analyses for malate against duration of 
soaking treatment are shown in the appendix for 
each species. Broad bean, and Gladstone pea gave 
a significant reduction in malate with duration of 
soaking treatment (p=.01) and Meteor and Pioneer 
peas also gave a significant fall (p=.0 5).
(Appendix Tables 74 to 76.)
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tTable 24. /u M malate gs dry weight seed ^ after Igermination under water for 0 to 96 hours, with 
controls germinated for 96 hours on moist filter |
paper, in several crop species tolerant of 
soaking injury.
Species Hours of germination underwater Air r 96 water 
0 24 48 96 96 : 96 air
rice .6 0 7 3 1.8442 .3331 .6 7 2 6 .4877 -.2480 1.379
carrot 29.3492 40.0668 18.9482 42.3205 29.6327 .3303 1.430 ÿ
lettuce 7.4360 1.1987 5.1605 9 .0 2 0 7 7.8423 .4411 I.I50
radish 5*9492 7.9302 3*0936 3*3964 2*5093 -.6773 1*333
Allcffche values in the body of the table are means 
of three replicates.
Air - control seeds germinated on moist filter paper 
in air.
r - correlation coefficient for yw M malic acid against 
duration of soaking treatment.
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Table 25* M malate g dry weight seed  ^after
-I
germination under water for 0 to 36 hours, with 
controls germinated on moist filter paper for 96 
hours, in several crop species susceptible to ,|
soaking injury.
Species Hours of germination underwater Air 96 r 96 water 
0 24 48 96 :96 air
maize .8290 l.OOfO .6944 .304$ .299^ -.8818 1.037
broad 2.6888 2.1361 1.9327 1.0191 .8938 -.9926 1.138
bean
Meteor 1.1977 1.0298 .4238 .1896 .6866 -.9313 .276
pea :l
Onward .7746 .4667 .3746 .2997 1.8698 -.8770 .160
pea
Pioneer 1.4697 .8337 .6808 .1043 1.4263 -.9716 .073
pea
Gladstone.3881 .9328 .7762 .0694 3.2326 -.9933 .021
All of the values in the body of the table are means 
of three replicates.
Air = control seeds germinated on moist filter 
paper in air.
r = correlation coefficient f o r ^ M  malic acid 
against duration of soaking treatment.
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Changes in lactic acid content seeds on soaking. 
Method
The extraction and estimation by photometric 
assay of lactic acid was similar to the method 
used for alcohol and malic acid. The actual 
assay used is detailed in the appendix.
Resuits
Lactic acid was calculated as M lactic
-1acid g dry weight seed after soaking treatments
1
from 0 to 96 hours and after germination on moist 
filter paper for 96 hours. The results for 
several crop species tolerant of soaking injury 
are shown in Table 26 while those for species 
susceptible to soaking injury are shown .in Table 2?.
None of the species gave a significant linear 
regression for lactic acid against duration of 
soaking treatment (appendix)(Tables 77 to 79).
A comparison of the relative levels of ethanol, 
malate and lactate is' given in Table 28 where 
each is expressed as a percentage of the total 
per seed, after .96 hours soaking and in 
controls (ie. total of ethanol+lactate+malate), 
together with respiration rates under nitpogen.
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Table 26. Changes in the lactic acid content of 
seeds after soaking for 0 to 96 hours or after 
germination on moist filter paper for 96 hours
in the seeds of several crop species tolerant 
of soa 
seed).
king injury ( M lactic acid g~^dry weight
Species Hours of soaking treatment Air r 96water
0 24 48 96 96 :96air
rice 11.036 4.3335 1.3308 1.0090 .1084 -.8461 9.3801
carrot 99.379 2%38063 36.1770 40.6600 40.3172 -.8287 1.0083
lettuce 1 0 .7 1 7 4 3 .1603 36.0423 23-1480 12.6371 -.0173 1.8317
radish 16.173 8.6333 9.6809 3.2891 .8383 -.8908 6.3021
All of the values in the table are the means of 
three replicates.
air = control seeds germinated on moist filter paper.
r = the correlation coefficient for lactic acid 
against the duration of soaking treatment.
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in seeds of several crop species susceptible of 
soakin 
seed).
g injury ( M. lactic acid g~^ dry weight
Species Hours of soaking treatment Air r 96water
0 24 48 96 96 ;96air
maize 3-9011 2.4?40 1.00?0 1,6145 1.5104 -.4189 1.0690
3i?
Table 27. Changes in the lactic acid content of ^
seeds after soaking for 0 to 96 hours and after 
germination on moist filter paper for 96 hours |
•:a
broad 1.5470 1.9229 3.6821 .6850 3.7450 - . 5 3 0 0  .1829
bean
Meteor 1.3693 1.3171 1.2910 .6340 .7201 -.9554* .8809
pea
Pioneer .3593 .1740 2.7774 .5908 . .2785 -.0405 2.1214
pea
Each value in the body of the table is a mean of 
three replicate values.
air - control seeds germinated on moist filter 
paper in air.
r = the correlation coefficient for lactic acid 
against duration of soaking treatment.
* = p.05
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/ Table 28. A comparison of ethanol, malic acid 
and lactic acid as end products of anaerobic 
respiration after soaking seeds of several crop 
species for 96 hours underwater, or germinated on 
moist filter paper for 96 hours, when expressed as 
the total of the three products ( ^ M  gT^seed), 
together with respiration under Ng for comparison. 
Species % ethanol % malate %lactate QCO n2water air water air water air
Pioneer 99.29 85.96 .11 11.75 .60 2.29 .569
pea 1Meteor i98.65 86.65 .31 6.52 1.04 6.85 .445
pea
broad 96.62 52.46 2.02 9.18 1.56 38.57 .269
bean
maize 95.89 87.05 .65 1.77 5.46 ],1.20 .240
lettuce 58.61 72.82 17.21 10.41 44.17 16.77 .199
rice 85.87 82.84 6.45 14.04 9.6f 3.12 .105
radish 57.69 51.53 16.54 56.54 25.76 12.14 .0616
carrot 50.02 55.64 25.49 27.27 24,49 37.10 .0265
(where % ethanol = /aM ethanol x 100 )
/V. Ml acthte •}•/*. Alma late efciia-nd
QCOg^ = 1 mg dry weight^hr~^.
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V. CHANGES IN THE PROPERTIES OP ENZYMES AS A
RESULT OP SOAKING INJURY 
IN SEEDS.
i
i
In parallel with the study of end products 
of glycolysis, an investigation of two associated 
enzymes has been conducted, alcohol and malic |
dehydrogenases.
McManmon (1968) showed that in non helophytes 
induction of alcohol dehydrogenase occurred under 
anaerobic conditions, while there was no such 
induction in helophytes. V/hen ac et aldehyde was 
added in varying amounts, the enzyme activity 
varied, such that helophytes required high 
concentrations of acetaldehyde to produce the 
maximum reaction velocity, while in non helophytes 
alcohol dehydrogenase was satisfied at much lower 
concentrations. He suggested that the differential 5
effect of acetaldehyde contributed towards the j
acceleration of glycolysis observed on flooding 1
non helophytes. Thus the apparent Michaelis I
constant of non helophytes fell on flooding, while ;
there was no such fall in helophytes. He then ;i|
proposed a metabolic scheme to explain the j
acceleration of glycolysis on flooding non helophytes.
IThis is due largely to the induction of ADH in 
non helophytes together with malate decarboxylation.
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via 'malic enzyme' to pyruvate and then to ethanol. IJIn helophytes, ADH is not induced but a metabolic I
diversion via PEP carboxylase leads to malate 
accumulation, 'malic enzyme' being absent.
This section therefore examines the effect f
of soaking seeds on both ADH and MDH induction 
and on changes in their apparent Michaelis 
constants as influenced by acetaldehyde (on ADH) 
and oxaloacetate (onlvIDH) concentration.
Changes in alcohol dehydrogenase.IIMethod Changes in alcohol dehydrogenase on soaking seeds 
Seeds of Pioneer pea. Meteor pea and rice 
were assayed for ADH activity after 0, 12, 24 and 
48 hours submergence in distilled water at 25^0.
Each batch was then homogenised in a chilled 
mortar (except the 0 hour treatment where dry 
seeds were ground to powder) in Tris-HCl buffer 
(O.IM, pH 8.0 at 4°C). The homogenate was then 
passed through two layers of muslin and 
centrifuged at 12,000 rpm for 20 minutes at 4°C.
The supernatant was retained for assay.
The spectrophotometric assay was taken from 
Bergmeyer (1963)(appendix). Protein was 
estimated by the Lowry method, taking extinction 
values at 600 nm and comparing with a known 
albumin graph at the same wavelength.
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Resuits
-1The specific activity of ADH (mg protein" ) 
rose on soaking pea seeds up to 48 hours (Table 29) 
when compared with the dry seed in the two pea 
cultivars (p=.01 and p=.02). . However, the 
specific activity of rice ADH fell on soaking 
when compared with the dry seed (but this was 
not significant). Specific activities for ADH 
were much lower in rice than in the two pea 
cultivars (Figure 9)«
liVhen total activity per g seed ( M g"^dry 
weight seed) was compared a similar relationship 
was shown between the three species (Table 30)*
■1
1I
I
I
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Treatment Pioneer pea Meteor pea rice
hours of
soaking
0 .0 7 1 3 .0463 .0 5 3 3
8.D. .0 0 3 .0 0 3 .021
8.D. .0 1 3 .008 .0 2 9
24 .1 7 3 .140 .0 3 9
8.D. .0 1 9 .0 3 1 .0 0 9
48 .1 9 1 .164 .0 3 0
8.D. .020 .0 2 3 .006
:f . ;*
Table 29. Change in specific activity of alcohol |
—I —Idehydrogenase M min" mg protein ) in Pioneer
pea, Meteor pea and rice with duration of soaking '1treatment from 0 to 48 hours. J
12 .2 1 9 .1 1 9 .0 9 3 j.11;
- ;
I
using a t test for the comparison of 0 and 48 hour j
trest ments the probabilities for chance occurrence 
of the difference between the means are 
Pioneer pea p=.01 
Meteor pea p=.02 
rice = N.S.
8.D. = standard deviation.
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Figure 9» Change in specific activity of ADH with
duration of soaking treatment in the seeds of
Pioneer pea. Meteor pea and rice (^  M  min^mg
protein”^ x 1000).
t Specific activit KM min"^mg
200 I protein xlOOO
130
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Table 30. Change in total activity of alcohol 
dehydrogenase per g seed (yv. M lain g" dry weight
seed) in Pioneer pea, Meteor pea and rice with
duration of soaking treatment from 0 to 48 hours.
Treatment 
hours of 
soaking.
Pioneer pea Meteor pea rice
0 1 3 .4 3 3 0 9.4833 2.7769
S.D. .9870 1.0943 .3 3 1 1
12 46.3930 2 3 .8 7 0 3 2 .7 2 2 6
8.D. 2 .3 1 0 7 2.1202 .7 1 3 0
24 6 3 .2 3 2 9 33.3780 1.9366
8.D. 3 .9 2 1 9 1 3 .1 9 9 3 .3671
48 61.4266 4 9 .2918 2.4673
8.D. 1 0 .2 3 3 2 2 .4 4 3 3 .1396
t test comparison of 0 and 48 
Pioneer pea p = .01 
Meteor pea p = .02 
rice = N.8‘.
hour means.
8.D. = standard deviation.
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Figure 10. Change in total activity of alcohol 
dehydrogenase per g seed ( M min"*^ g dry weight 
seed"* ) in Pioneer pea, Meteor pea and rice with 
duration of soaking treatment from 0 to 48 hours.
ADH g seed80.
Pioneer pea
60
Meteor pea
20
rice
12 24 48
hours of soaking treatment
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Changes in Michaelis constants of ADH on soaking 
seeds of Pioneer pea, Meteor pea and rice.
Method
The Michaelis constants for ADH were 
determined by plotting the reciprocal of the 
reaction velocity against the reciprocal of the ■ 
substrate concentration when different substrate 
concentrations were used. The straight line 
relationship cuts the base line when extrapolated 
at -1/Km ( the reciprocal of the Michaelis 
constant)(Figure 11).
Resuits
Table 31 gives the mean Km values (M x 10""^ ) 
for ADH with respect to acetaldehyde using extracts 
from Pioneer pea, Meteor pea and rice, with 
standard deviations based on three replicates.
( The reaction velocities were plotted as change in
—1 —1 ^  M mill mg protein ).
Ho clear trend for Km with duration of 
soaking was established, but the lowest Michaelis 
constants were recorded in the least tolerant 
species (Pioneer pea) and the highest in the more 
tolerant species (rice)(Figure 12).
A summary of the changes of alcohol and 
alcohol dehydrogenase is given in Table 32.
' ■ " ii'l-i
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Figure 11. Method for the determination of 
Michaelis constants using the Lineweaver-Burk plot
1/v
reciprocal of 
the reaction 
. velocity
slope
«Km
-1/Km 1/s0
V « reaction velocity
V = maximum reaction velocity 
8 « substrate concentration 
Km « Michaelis constant
reciprocal of substrate 
c one entrâtion
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Table 31* Changes in the Michaelis constant for 
ADH in seeds of .Pioneer pea, Meteor pea and rice 
after soaking for varying lengths of time (0 to 
48 hours )(M x 10*"^acetaldehyde).
Treatment 
hours of 
soaking.
Pioneer pea Meteor pea rice
0 .132 .3 1 5 .3 0 3
8.D. .0107 .128 .0364
12 1 .442 .381 1.129
S.D. 1 .0906 .0403 .3 4 3
24 .180 .222 .4 3 0
8.D. .0273 .0244 .0636
48 .302 .412 .469
8.D. .0721 .0338 .140
Bach figure is the mean of three replicates where
S.l.= standard deviation.
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Figure 12. Changes in the Michaelis constant of 
ADH with length of soaking treatment in Pioneer 
pea, Meteor pea and rice (M x 10”^ acetaldehyde).
Michaelis constant (M x 10 ^ acetaldehyde)
Meteor pea
rroneer pea
hours of soaking treatment
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Table 32. Summary of changes in alcohol, alcohol 
dehydrogenase and its Michaelis constant on 
soaking seeds of Pioneer pea. Meteor pea and rice.
Species
Pioneer pea Meteor pea rice
1.Alcohol (y^Mg“  ^
dry weight seed)
96 hours soaking 97*0836 60.3127 8.7444
48 hours soaking 175*7670 72.0999 6.3957
2.Specific activity 
ADH Ç«a.M min^^mg”  ^
protein)
48 hours soaking .191 .164- .0300
3.Activity of ADH 
(/-.Mmin“^g dry wt 
seed“^)
48 hours soaking 61.423 49.292 2.467
4.Michaelis constant 
ADH with respect to 
acetaldehyde(MxlO~^)
48 hours soaking .302 .412 .459
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/ Changes in malic dehydrogenase on soaking seeds. 
Method
The experiments were conducted in a similar 
manner to alcohol dehydrogenase, with the exception 
of the assay (appendix).
Resuits
Table 33 gives the mean specific activities
—1 —1of MDH ( M min”* mg protein ) in relation to
the length of soaking treatment (0 to 48 hours)
in Pioneer pea, Meteor pea and rice. Standard
jdeviations based on three separate plant extracts 
are also given.
The total activity per g dry weight of seed 
of MDH did not show any clear trend with duration 
of soaking treatment, nor was there any difference 
in the relative levels of MDH in the three 
species after 48 hours of soaking (Table 34).
When specific activity and activity per seed 
at 0 hours were compared with 48 hour soaking 
treatments, a significant rise on soaking was 
given in Pioneer pea (p=.03), in Meteor pea 
(p=.02) but in rice there was no significant 
change (Tables 33 and 34). Figures 13 and 14 
show changes in specific activity and activity 
per g seed in graph form.
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Table 33. Change in specific activity of malic 
dehydrogenase (/aM min~^ mg protein*^) with 
duration of soaking in Pioneer pea, Meteor pea 
and rice seeds.
Species
Hours of Pioneer pea Meteor pea rice
soaking
0 .1 7 0 .112 .478
S.D. .002 .008 .173
12 .234 .329 .7 4 3
S.D. . 066 .071 .0 3 3
24 .267 .193 .728
S.D. .023 .011 .1 7 7
48 .220 .270 .248
S.D. .046 .033 .060
Bach figure is the mean of three replicates where
S.D. standard deviation.
t test for comparison of 0 and 48 hour means. 
Pioneer pea p « .023 
Meteor pea p = .02 
rice N.So
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Table 34. Change in activity of malic dehydrogenase 
per g seed (/* M inin” g dry weight seed" ) in 
Pioneer pea, Meteor pea and rice with duration 
of soaking treatment (0 to 48 hours).
Species
Hours of 
soaking
Pioneer pea Meteor pea rice
0 36.8243 22.8013 24.1621
S.D. .3998 1.6263 6 .4 4 7 3
12 31.6289 71.3649 24.6728
S.D. 16.2633 14.3379 .4469
24 97.2367 73.4019 23.6193
S.D. 1 1 .1 7 0 1 3 .4 3 3 3 3 .2 0 2 7
48 67.9104 81.8710 19.7893
S.D. 1 1 .3 4 3 0 6.8809 2 .0 1 0 9
Bach figure is 
S.D.= standard
the mean of 
deviation.
three replicate 8 where
t test f or t he 
Pioneer pea 
Meteor pea
comparison of 0 and 48 hour 
P = .03
p = .01
means.
rice H.S ‘
'ÿi
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Figure 13. Changes in the specific activity of 
MDH ( M X 1000) (/^M min“ n^ig protein*"^) with
duration of soaking treatment in Pioneer pea,
Meteor pea and rice.
Specific activity of MDH (M x 1000 min~ mg protein" )
600-
rice
4-00
Meteor pea
200 Pioneer pea
12 24-
hours of soaking treatment
4-8
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Figure 14. Change in activity of Malic Dehydrogenase 
per g seed ( /A. M min~^g dry weight seed~^) in 
Pioneer pea, Meteor pea and rice with duration of 
soaking treatment ( 0 to 48 hours).
MDH g seed
100 - Pioneer pea
80 -
Meteor pea
60 "
40*
rice
20.
0 12 24
hours of soaking treatment92 _ . , ^ .i0s
Changes in the Michaelis constants of malic 
dehydrogenase on soaking seeds of Pioneer pea,
Meteor pea and rice.
Method
The Michaelis constants for MDH were determined 
in the same way as for ADH but using oxaloacetate 
as the substrate.
Results
Table 35.gives the changes in Km values on 
soaking from 0 to 48 hours as the means of
three replicates with standard deviations. The 
Michaelis constant showed no change in the two 
pea cultivars, but it rose in rice on soaking 
although this failed to reach significance. However, 
after 48 hours soaking the actual Km for rice was 
lower than either of the pea cultivars (Figure 13).
A summary of changes in malic acid, malic 
dehydrogenase and its Michaelis constant on 
soaking seeds is given in Table 36. The lowest 
values for malic acid and MDH were recorded in 
Pioneer pea, intermediate values for Meteor pea 
and the highest values in rice. The Michael-is 
constants for MDH showed the reverse trend.
33
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Table 33. Changes in Michaelis constants for malic 
dehydrogenase ( M x 10~^oxaloacetate) with duration 
of soaking treatment in seeds of Pioneer pea,
Meteor pea and rice.
replicates where 8.D.? standard deviation.
t test for the comparison of 0 and 48 hour means. 
Pioneer pea N.S.
Meteor pea H.3. 
rice N.8.
Hours of Species
soaking Pioneer pea Meteor pea rice - #
0 .3 4 3 .1 9 0 .0893
8.D. .0069 .0 3 2 3 .0180
12 .0613 .0788 .0817 -
S.D. .0062 .0116 .0 0 9 0
24 .2 5 0 .1 3 0 .210
8.D. .0479 .0 2 3 0 .0247
48 .224 .1 9 9 .112
8.D. .0 9 0 3 .0283 .0089 ■ 1
Each figure in the table is the mean of three
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Figure 15* Changes in Michaelis constants for 
malic dehydrogenase ( M x 10~^) with duration of 
soaking treatment in Pioneer pea, Meteor pea and 
rice.
Km M X 10Ai
Pioneer pe
Meteor pea
rice
12 24-
hours of soaking treatment
4-8
Table 36. Summary of changes in malic acid, malic 
dehydrogenase and its Michaelis constant on soaking 
seeds of Pioneer pea, Meteor pea and rice.
Species
Pioneer pea Meteor pea rice
1.Malic acid (/<vMg 
~ 1dry wt seed" )
96 hours water .1043 ,1896 ,6726
48 hours water .6808 .4328 *3331
2.Specific activity
of MDH(/^M min"^mg 
—1protein )
48 hours water .220 .2?0 ,248
3«Activity g seed"^
(/A.M min~^g dry wt 
seed”^)
48 hours water 67«910 81.871 19.789
4.Michaelis constant 
MDH (Mx IO ^oxaloacst­
ate)
48 hours water " .224 .199 .112
95 , ,41
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/ B. THE BPPBGT OP CHANGE IN TEMPERATURE ON SOAKING
INJURY.
Flooding injury in plants is largely controlled 
by a regulation of glycolysis (Crawford, 1972), 
and therefore not only the direction but also the 
rate of the reactions involved in glycolysis will 
be critical in determining the extent of injury.
If temperature is increased then the rate of 
glycolysis will rise (because of the effect of 
temperature on meüabolic reactions), and willI
probably result in greater damage to the seeds on
1soaking.
However, there.is normally a critical temperature 
below which respiration will become slower, and 
there is much evidence for low temperature damage 
to seeds. For example, emergence failures as a 
result of low temperature imbibition have been 
reported in cotton (Christiansen, 1968 and 1969) 
and in lima beans (Pollock and Toole, 1966;
Pollock, 1969) while chilling during germination 
reduced survival in crimson clover (Hoveland and 
Elkins, 1963), in cacao (Ibaney, 1963), in peas 
(Highkin and Lang, 1966) and in beans (Pollock, 1
Roos and Manalo, 1969). j
This section examines temperature effects on I■ "'isoaking tolerance in seeds both by germination
and by metabolic studies in order to determine 
both the presence and nature of low temperature 
damage and damage resulting from higher temperatures 
during soaking.
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■III. GERMINATION EXPERIMENTS j;
:#Underwater germination of seeds in relation to J
temperature. j
Method
99
j4ÇiThirty seeds of each of ten crop species were ;|
placed in beakers full of distilled water (5 0 ml ÿ
beakers for the smaller seeded species and 250 ml 
beakers for the larger seeded species) in 
controlled temperature incubators in darkness.
Replicate batches were placed in incubators at 
each of four temperatures ( 0, 10, 20 and 5 0°C) 
for seven days. After seven days the number of 
seeds in which radicle emergence had taken place 
was recorded.
Results
The effect of temperature on under water 
germination of seeds of ten crop species is shown 
as the percentage of 30 seeds showing radicle 
emergence at seven days (in each of four temperature 
treatments) in Table 37 and Figure 16. Probabilities 
for the difference between temperature treatments 
within each species is given in Table 38.
I
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Table 37* The effect of temperature on under water 
germination in seeds of several crop species after 
asven days submergence (percentage germination 
where germination is taken as the number of seeds 
out of 30 with radicle emergence).
Temperature of soaking
Species or
Cultivar 0 10 20 30°C
rice 0 8 3 .2 100 96.7%
carrot 0 63.3 9 3 .3 5 0 .0%
lettuce 0 90.0 76.7 3 3 .3% "it
radish 0 7 0 . 0 96.7 5 0 .0% \U'.:
maize 0 $ .3 6 .7 0 fo
Meteor pea 0 0 0 ° fo M
Pioneer pea 0 0 0 0 fo
Onward pea 0 0 0 0  fo
Gladstone pea 0 0 0 0  fo
broad bean 0 0 0 0 fo
Figure 16. Ihe effect of temperature on under water 
germination of species tolerant o'f soaking injury.
temperature of underwater
germination
% underwater germination
IOC
rice
radish
carrot
lettuce
20.
maize
o0 10 20 30 0
'Z-R
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Table 38.
Probability tests for the difference between under 
water germination at different temperatures 
within each of several crop species.
Species
or
cultivar
Temperatures between which comparisons 
are made, with probabilities for their 
difference due to chance occurrence.
0 + 10°G 10 + 20°C 20 + 30°G
rice
carrot
lettuce
radish
maize
2.75 S! lê .0261
2.7 0 x10 “ .0051
4.61 xlV'* .149
1.79 % 10 .0061
.500 .3 1 0
Meteor, Onward, 
Pioneer,Gladstone 
peas. 1.0
broad bean 1.0
1.0
1.0
.5 0 0
.0018
.000107  
.000031 
.2 3 0
1.0
1.0
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I Temperature of seed presoaking treatments in
relation to subsequent germination and development.
Method
Thirty seeds of eacn of ten crop species were 
soaked in distilled water, for 0, 24, 48 and 96 
hours at 0, 10, 20 and 30^0 in all combinations 
in incubators in darkness. All of the treatments 
were timed so that all of the seeds were sown at 
the same time in trays of sand in the greenhouse 
at about 23^0. A fourteen day germination count
was taken (where germination was taken as the
1number of seedlings emerging above the sand).
Results
The number of seedlings emerging above the 
germination medium at 14 days is given in Tables 
39 (soaking tolerant species) and 40 (soaking 
intolerant species) after presoaking treatments 
of 0, 24, 48 and 96 hours at 0, 10, 20 and 30°C 
in all combinations in ten crop species.
The species previously recorded as sensitive 
to soaking injury showed a marked fall in germination 
after presoaking at 0 and at 30°G when compared 
with 20 and 30^0 treatments. However, the species 
tolerant of soaking injury wgre less sensitive to 
an increase in soaking injury at 0 and 30°C.
These results are represented in Figures 1? to 26
103
in diagrammatic form. Figures 27 and 28 show the 
overall effect of low (0^0) and high (3 0°C) 
temperature soaking treatments on subsequent 
germination.
104
Table 39* Humber of seedlings emerging above the 
germination medium after presowing soaking 
treatments from 0 to 96 hours at 0 to 3 0°C in 
soaking tolerant species.
Temperature of presoaking
Species/ Duration 0 10 20 30
cultivar presoak
hours
rice none 24
; 24 22 23 23 29
48 12 23 23 29
96 24 22 27 21
carrot none 30
24 21 23 20 24
48 9 23 17 23
96 18 20 23 13
lettuce none 26
24 26 24 30 28
48 23 26 27 23
96 28 27 26 26
radish none 23
24 29 26 28 29
48 23 28 27 17
96 23 27 26 14
(number of seeds germinating out of 30).
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Table 40. Humber of seedlings emerging above the 
germination medium after presowing soaking treatments 
from 0 to 96 hours at 0 to 30^0 in soaking sensitive 
species (the values for the pea cultivars are means 
of two replicates).
Temperature of presoaking
Species/ Duration 0 10 20 30°G
cultivar soak hrs.
Meteor pea none 23
24 3 21.3 2 2 .3 1 2 .3
48 . 3 18 2 3 .3 0
96 1 7 1 4 .3 0
Pioneer none 19
pea 24 2 7.3 12 8
48 0.3 6 10 , 0
96 3 12 2 0
Onward none 27
pea 24 3.3 14.3 17 9 .3
48 1 13 8 . 3 0
96 0 1 7 .3 3 .3 0
Gladstone none 22
pea 24 6.3 20 14.3 14
48 3 17 1 9 .3 0
96 0 0 1 0
broad bean none 29
24 7 13 4 12
48 10 14 1 1
96 6 3 2 0
maize none 29
24 23 20 23 20
48 6 16 24 19
96 11 .16 23 11
(number of seeds germinating out of 3 0).
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Figures 1? ~ 20. Germination of seeds of several 
crop species after presoaking at different temperatures
No. germinat ed.
for varying lengths of time.
A
96 hr8 soaking 24 48 96 hrs soak
Figure 17* Meteor pea Figure 18. Pioneer pea
No. germinated 
A
24 48 96 hrs soaking
Figure 19. Onward pea
107
96 hrs soak 
Figure 20. Gladstone pea
,;|i
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Figures 21 and 22. Germination of seeds of two 
crop species after presoaking at different 
temperatures for varying lengths of time.
ho. germinated
20
10
0
96 hours soaking24 48
Figure 21. Broad bean
ho. germin­
ated
20
24 48 96
Figure 22. Radish
■4
:-.4
'■a
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Figures 23 to 26. Germination of seeds after presoaking at
different temperatures for different / I  /  lenths of time.
No. germina­ted !
24 48
Figure 23» 'Rice
96 hrs soaking 24 96 hrs•soak48
Figure 24. Maize
germin­
ated
20
24 48 24 48 96 hrs soak
Figure 23« Carrot Figure 26. - Lettuce
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Figure 2?. The effect of duration of presowing 
soaking treatment at 0°G on subsequent germination 
at 20-25°C.
Number germinated
lettuce
radish
maize
broad bean
Meteor
UnwarcL, Gladstone
hours of presoaking
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Figure 28. The effect of presowing soaking treatment 
at 30°G on subsequent germination at 20-25°G.
Number germinated
lettuce
■ . M
1
broad bean
Gladstone
Onward, IVJ eteor Pioneer
48 96
hours of pre soaking seed  ---~>
Ai
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II. CHANGE IN TNj; EAIiS OF HF8PINATI0N UNDNR NITROOm 
WITH TNMPFRATURN IN PISUTil 8ATIVm/[ P .
Method
Seeds of four pea cultivars were soaked in 
incubators for 24 hours at 10 and at 30^0, in 
beakers full of distilled water. Respiration rate 
under nitrogen was measured in a Warburg apparatus 
as previously described, after gassing the 
reaction flasks for 10 minutes under nitrogen.
Results
Table. 41 expresses the respiration rates
~1 —1under nitrogen as 1 mg dry weight seed hr at 
10 and at 30^0. The rate of increase over a 10 
degree range is quoted as the Q^n square root
of the 20 degree range measured).
Cultiva? Meteor gave the lowest respiration 
rates under nitrogen at both 10 and at 3 0^0 , but a 
higher over this range than the other species.
Cultivars Gladstone, Onward and Pioneer increased 
their respiration rate under nitrogen in that order 
(at both 10 and 30°C). while their values 
decreased in the same order.
Table 42 gives a comparison of germination 
percentage (per cent germination when compared 
with control) after presoaking treatments of 24 
hours at 10 and at 30°C with respiration rate
112
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under nitrogen after presoaking for 24 hours at 10 
and at 30°C.
Table 41.
Respiration of four pea cultivars under nitrogen 
after soaking seeds for 24 hours at 10 and at 30°C.
( /^ 1 mg'" dry weight seed hour* ).
Cultivar
Meteor Onward Pioneer Gladstone
-1 -1qCO^ hr* mg
10°C .0169 .0533 .0511 .046^ ^
30°C .4 9 0 .621 .613 .564
QlO 3 .3 8  3.41 3.46 3 .4 9
Where Q^q is given by
QCO ^ 30°C lO/temperature^-temperatureg
•  i  \
i QCOg* 10°C /
For a 20 temperature range -#
/QCOp'^ 30°C\ ^ I
n . ^ o^ / ‘\QCO2" 10°G
or j qCOg* 30°C
QCOg* 10°C
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Table 42. Comparison of :^ COp^  at 10 and 30^0 after 
24 hours presoaking treatment of seed and 
germination after soaking seeds for 24 hours at 10 
and at 30°C.
Cultivar
Meteor Onward Pioneer Gladstone
QCO^ hr*^mg  ^ .0169
10°C
0533 .0511 .0464
germination % 
10°C 88 22 0 58
qCO^h: 1_. ~1phr mg 
30°C
.490 .521 .613 .5 5 4
germination^
30°C 50 35 42 63
( all temperatures in the body of the table relate 
to the temperature of a 24 hour presoaking treatment). 
(Germination percentage is corrected with reference 
to the control treatments ie. no soaking).
1" Y.
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III. CHANGES IN THF PROPFRTINS OP THN PNZYME 
INVNRTASP WITH TmiPNRATURH OP SOAKING 8PP03 OP
PISUI'A SATIVUM L .
Invertase is known to increase its activity, 
or arise as a result of de novo synthesis during 
the germination of seeds (Eldon and Mayen, 1974); 
there are many reports relating to the role of 
invert ase in the metabolism of carbohydrates in <|
plant tissue (Gardner and Peel, 1971; Hatch and 
Glasziou, 1953; Hawker and Hatch, 1955; Jaiswal 
and Verma, 1971; Lyne and apRees, 1971; MeLachlan, 
hatko, Rollit and Stokes, 1970; Ricardo and apRees,
1970; Seitz and Land, 1958) and Hawker (1971) 
demonstrated that invertase was the only enzyme 
catalysing sucrose breakdown.
Turing germination stafch reserves are converted 
by amylase enzymes into soluble sugars (eg maltose.,) I
prior to translocation to the meristematic regions 
(for model of starch brakdown seeaTunn, 1974). The f
sugars then rapidly decline as germination 
proceeds ( eg. Mayer and Poljakoff-Mayber, 1957) 
and also during soaking treatments (Chapter on |
sugar metabolism in Section A in current thesis).
A study of invertase activity will therefore, 
not only mirror sucrose changes, but will also 
clarify the enzymatic nature of sucrose breakdown 
in seeds during soaking treatments. This section
115
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examines changes in the activity of this enzyme 
as a key to internal changes in the seed in 
relation to temperature and duration of presoaking 
treatment.
Method
Ten g of seed of each of four pea cultivars 
were soaked in distilled water (using 100 ml 
beakers in controlled temperature incubators in 
darkness) for 0, 12, 24 and 48 hours at 0, 10,
20 and 30°G in all combinations. They were then 
extracted in chilled NagHPO^-citric acid buffer 
(pH 8.0) and passed through muslin before 
centrifugation for 30 minutes at 7, 000 rpm. The 
samples were then mixed with a known amount of 
sucrose solution and agitated in a warm water bath 
at 30°C. Samples were taken at two hourly intervals 
and estimated against standard thiosulphate 
(appendix).
To determine the optimum pH for pea seed 
invertase activity, a range of buffers from pH 4.6 
to pH 8.6 was used to estimate specific activity 
of invertase in pea cultivar Meteor, after 
soaking seed for 12 hours at 20°C (Table 43 and 
Figure 29). The highest activities were recorded 
at pH 8.0 and all further invertase determinations 
were carried out using a buffer of pH 8.0
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Resuits
Specific activities of invertase (I-U. mg 
protein*^ x 10*^) are given in Table 44-, and 
activities per g dry weight seed (I.U. g dry weight 
seed*^) are given in Table 45. The effect of 
temperature on invertase was small and probably 
not significant, in all except the longest soaking 
treatments (48 hours). In this treatment both 
specific activities and activity per g seed rose 
rapidly with a rise in temperature. This rise 
was more marked in cultivars Pioneer and Onward 
(1.1 and 1.4 I.U. g dry weight seed*^ respectively) 
compared with cultivars Meteor and Gladstone 
(.84 and .25 I.U. g dry weight seed*^).
Figures 50 to 35 show specific activities 
for inverta se and Figures 34 to 37 show activity 
per g seed in graph form.
Similarly the duration of soaking treatment 
showed little effect on invertase activity after 
12 or 24 hours of soaking, but after 48 hours 
of soaking invertase activity rose in pea seeds 
with temperature.
'
I
-
r
:-;S
Specific activities for Meteor pea seed invertase 
after soaking seeds for 12 hours at 25°C using 
buffers of varying pH for the extraction.
]^ H of buffer 
4.6 ‘ 5 . 6  6.6 7 . 6  8.0 8.6
Specific activity 
of invertase
(I.U.mg protein"^) 0 .00011 .00010 .00053 .013 .0049
Table 4-3.
I
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Figure 29* The relationship between buffer pH and 
invertase specific activity in Meteor pea after 
soaking seed for 12 hours at 25°0.
Specific activity of 
invertase x 10“^
I.U. mg pnteih*^ x 10*^
04.6 5.6 6* 6
119
7.6 8.0 8.6
buffer pH —>
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Table 44.
Invertase specific activity (I.U. mg protein ^
X 10*^) of pea seed extracts after soaking seeds
from 0 to 48 hours at 0 to 30°C.
Temperature of soaking
Cultivar Hourssoak 0 10 20 30^0
Meteor none 1.60
12 5.68 4 . 3 8 5 .1 9 3.40
24 2.94 2 .3 9 1.60 2.41
. 48 3.12 5 .1 7 21.0 5 1 .5
Onward none .410
12 4.83 5 .4 7 7 .7 1 3.40
24 6.27 2.83 1 .5 5 1.80
48 5 .4 5 7 .1 4 5 1 .1 4 5 . 8
Pioneer none 1.10
12 1.42 3 .2 0 7 .6 8 2 3 .4
24 5.63 5.63 4.01 .9 0 0
48 1.68 6.67 48.4 4 5 . 0
Gladstone none .240
12 8.40 3.80 4 . 9 0 1 7 .6
24 5 .2 9 5 .5 5 7 .5 5 .835
48 5 .6 5 6 .5 0 9 4 .9 1 9 .1
120
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Table 45*
Invertase I.U, g dry weight seed"^ of pea seed 
extracts after soaking treatments from 0 to 48
hours at 0 to 30 C.
Temperature of soaking
Cultivar Hourssoak 0 10 20 30°(
Meteor none .0300
12 .0286 .0473 .0433 .0 7 2 9
24 .0276 .0336 .0 3 4 0 .0362
48 .0330 .0 9 1 0 .840 .840
Onward none .0160
12 .0363 .0 7 1 0 .106 .0867
24 .0690 .0 3 7 4 .0 3 3 1 .0483
48 .108 .140 1.42 1.42
Pioneer none .,0330
12 .00983 .0 1 9 7 .0630 .169
24 .0788 .0493 .0324 .0 3 7 4
48 .0240 .116 1.20 1.11
Gladstone none .00790
12 .0332 .0236 .0 3 1 0 . 171
24 .0 7 0 9 .0 7 4 9 . .0 3 4 3 .0 3 1 3
48 .0 9 9 0 .1 3 4 1 .3 9 .236
I
I
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/ Figure 30. Change in specific activity of invertase
with temperature and duration of soaking treatment
in seeds of pea cultivar Pioneer.
— 8Invertase specific activity x 10 ^
— 1 ~SI.U. mg protein x 10 ^
48 hours
12 hours
24 hours
temperature °G ---- >
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Figure 31* Change in specific activity of invertase
with temperature and duration of soaking treatment
in seeds of pea cultivar Meteor.
Invertase specific activity x 10 
I.U. mg protein""^ x 10~^
4C
^8 hours
16
12 hours
24 hours
0 10 30°C20
temperature of soaking seed
'Î
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Figure 52. Change in specific activity of invertase
with temperature and duration of soaking treatment
in seeds of pea c ultivar Onward.
Invertase specific activity x 10 ^
I.U. mg protein^ x 10
4-8 hours
40-
24
15
24 hours
12 hours
0 10 20
temperature of seed soaking -- ^
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' Figure 33* Change in specific activity of invertase
'with temperature and duration of soaking treatment
in pea cultivar Gladstone.,
•' Invertase specific activity X 10-3
I.U. mg protein x 10
ha
40
48 hours
16
12 hours
24 ho.urs
0 10 20
#1
temperature of seed soaking Oq -- ^
Figure 34. Change in invertase I.U. g dry weight 
seed~^ after soaking treatments from 0 to 48 hours 
at 0 to 30°C in Meteor pea.
Invertase 
A I.U. g dry weight seed
1 . 0 .
48 hours
12 hours
■"24^ hours
temperature of seed soaking °G >
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Figure 35. Change in invertase I.U. g dry weight 
—1seed after soaking treatments from 0 to 48 hours 
at 0 to 30°G in Pioneer pea.
Invertase
I.U. g dry weight seed~^
48 hours
12 hours
hours
0 10 20
temperature of seed soaking --->
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Figure 36. Change in invertase I,U. g dry weight
seed~^ after soaking treatments from 0 to 48 hours 
at 0 to 30^0 in Onward pea.
Invertase
I.U. g dry weight seed~^
48 hours
1.0-
12 hours
24 hours
10 20
temperature of seed soaking^G
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Figure 37* Change in invertase I.U. g dry weight 
seed* after soaking treatments from 0 to 48 hours 
at 0 to 30°G in Gladstone pea.
Invertase
— 1I.U. g dry weight seed
1.0
48 hours
12 hours24 hours
0 10 20
temperature of seed soaking °G 
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IV. GHANGilS IN TEN AGCmîULAlIüN OF END PN0DUGI3 OF 
ANAEEOBIOSIS WITH TEMPERATURE IN PI8UM SATIVUM L .
The accumulation of alcohol and malate in pea seeds 
in relation to temperature of soaking.
The rate of a metabolic reaction will normally 
rise with temperature (Q^q effect) and therefore 
anaerobic respiration should rise with an increase 
in temperature if seeds are germinated under partial 
anoxia. Thus if the rate of glycolysis increases 
then the end products of respiration will also 
increase.
A study of the relative levels of these 
end- products and their accumulation in relation 
to temperature will show the extent of damage 
occurring within the seed. In this section 
four pea cultivars (of different soaking tolerance) 
are compared with reference to temperature effects 
on alcohol and malic acid accumulation.
Method
A known weight of seed of each of four pea 
cultivars (Meteor, Onward, Pioneer and Gladstone) 
were soaked underwater for 24 hours at 0, 6, 10,
20 and 30 G in incubators and assayed for alcohol ,<
and malic acid as previously described (see also ' 
appendix). .:!
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Results
The effect of temperature of soaking on 
alcohol and malic acid in pea seeds is expressed
as /a M g dry weight seed*^ in Table 46. Table 47 
shows regression anlyses for ethanol and Table 48 
for malic acid against temperature of soaking in 
the four pea cultivars.
All pea cultivars fell marginally short of 
significance for ethanol against temperature of 
soaking treatment, except Gladstone (p=.01), 
however,the data suggest that the largest rise is 
from 20 jto 30^0 and therefore the relationship is
not necessarily linear. For malic acid only 
Pioneer gave a significant linear regression (p=.025) 
with temperature of soaking treatment; the 
regression was negatively correlated.
Figures 38 and 39 show the effect of 
temperature on alcohol and malic acid respectively 
with 95/^  confidence intervals marked at 30^0 
(at lower temperatures there was no significant 
difference). Gladstone and Meteor yielded higher 
malic acid content than Pioneer and Onward, while 
Pioneer gave the highest alcohol content at 30^0 
although the differences at oÿher temperatures 
were not significant.
Table 49 gives a summary of alcohol and malic 
acid content of seeds at 30^0 in relation to 
germination percentage at 30°C.
131 I
Table 45. The effect of temperature of a 24 hour 
soaking treatment on ethanol and malic acid levels 
in the seeds of four pea cultivars ( M g dry 
weight seed*^).
Cultivar Temperature of soaking
0 6 10 20 30"Gv O .
Meteor alcohol $4.530 61.586 59.936 71.$2$ 1$9*308
malate 2.690 3-138 3.42$ 4.403 2.911
Onward alcohol 68.029 74.603 79.037 89.333 183.470
malate 1.362 .873 .469 1.092 1.094
Pioneer alcohol 89-942 100.900 109.070 118.133 329-672 
malate 3-342 3-337 3-660 2.478 1.180
Gladstone alcohol 63-380 84.198 97-290 107-787 137-393
malate 3-906 2.682 1.883 1-749 2.961
Each value in the body of the table is the mean of
three replicate samples.
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Table 47* Regression amLyses for ethanol M g
dry wêight seed”^) against temperature (0, 6, 10» 
20 and 30°C) of 24 hour soaking treatment in the 
seeds of four pea cultivars.
Source of variation Sum of Degrees Mean F
squares freedom square
Meteor Regression $$70.092
Residual 181$.4$$ 
Total 7383.343
Onward Regression 7335*103
Residual 2186.65$ 
Total 9$21.768
Pioneer Regression 2)461.410
Residual 11$26.839 
Total 40988.268
Gladstone Regression 2932.$94 
Residual 104.$44 
Total 3 0 3 7 .1 3 7
1 3570.092 9.213
3 604.684
4 N.S.
1 7 3 3 3 .1 0 3 10.063
3 728.888
4 H.3.
1 29461.410 7 .6 6 8
3 3842.286 N.S.
4
1 2 9 3 2 .3 9 4 84.134
3 34,848
4 p=. 01
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Table 48. Regression anlyses for malic acid 
( ^  M g dry weight seed*^) against temperature 
(0, 6, 10, 20 and 30^0) of 24 hour soaking treatment
in the seeds of four pea cultivars.
Source of variation Sum of Degrees Mean P
squares freedom square
Meteor Regression .1849 1
Residual 1*5736 3
Total 1.7605 4
Onward | Regression .004720 1
I Residual .7706 3
Total .7753 4
Pioneer Regression 3»9542 1
Residual .5756 3
Total 4.5299 4
Gladstone Regression .412$ 1
Residual 2.6589 3
Total 3.0714 4
.1849
.5232
.3521
N.S.
.004720 .01838
.2569
3.9542
.1919
.4125
.8863
N.S.
20.608
p=.025
.4564
N.S.
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Figure 38. The effect of temperature of a 24 hour
soaking treatment on alcohol content of seeds of 
four pea cultivars with 95/^  confidence intervals
marked for 30^0.
Alcohol
yA, M g. dry weight seed
300 '
200
100 -
Pioneer
Onward
temperature of seed soaking,C
«y"-,".'*} .-r
Figure 39. The effect of temperature of a 24 hour 
soaking treatment on malic acid content of seeds of 
four pea cultivars with 95% confidence intervals 
marked for 30°C.
Malic acid
4 .
1
0 10 20
j
Î
g dry weight seed Meteor
Gladstone
Pioneer
Onward
IA#
■I
%
30°C
temperature of seed soaking °G 136
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Table 4-9* Comparison of alcohol and malic acid
accumulation (/^ M g dry weight seed*^) at 30^0 
with the fall in germination observed when seeds 
of four pea cultivars were soaked for 24 hours 
at 30°C.
s O ,
Cultivar % germination 
after 24 hr ex 
30°C soak 
compared with 
control.
Meteor 50%
Gladstone 53%
Onward
Pioneer
55%
42%
3Crc alcohol
accumulation
30 C malate 
accumulation
( /A M g dry ( M g dry
weight seed weight seed*^).
159.5
137.4
185.5 
329.7
2.9
3.0
1.1 
1.2
:
■I
'i
i
■'I
I
’Ia
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G. DISCUSSION
I. Introduction
A striking range of tolerance to injury was 
observed when seeds were germinated underwater.
Some species (rice, radish and carrot) germinated 
equally well under water as in controls; others 
(lettuce) germinated slighlty less well underwater; 
while some species completely failed to germinate 
under water (maize, broad bean and four pea 
cultivars)(Table 1).
The nature of this difference, whether 
resulting from the physical environment of the 
seed or its internal metabolism, has not previously 
been investigated in seeds, although damage due to 
waterlogging has frequently been observed in the 
poor field emergence of a number of crops.
Previous workers on flooding tolerance have 
studied the grown plant ( eg. Crawford and co-workers) 
where the presence of an aerial part of the plant 
may complicate any changes which occur. For example, 
Armstrong (1964) demonstrated the outward diffusion 
of oxygen from roots otherwise under partial anoxia . 
Similarly the tolerance of flooding in rice has 
been largely attributed to the ability to diffuse 
oxygen from the roots to the sjhoots and into an 
anaerobic surrounding (van Naalte, 1940). However,.!
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the seed represents a simplification of this 
process and controlled experiments on its metabolism 
are easily performed using controlled temperature 
incubators in darkness.
Soaking injury under field conditions
This damage is often observed as secondary 
infection which is usually associated with 
waterlogging, but this is probably symptomatic 
of internal damage tojthe seed, which results in 
a lowered resistance to infection. Evidence for 
this may be taken from the poor correlation 
between laboratory germination tests and field 
emergence of seedlings (Perry, 1970) and thus 
some factor other than viability must be important 
in pre emergence mortality. Support for this 
argument is given by.Heydecker (1968) who proposed 
that the sugar content of seeds is important as a 
determinant of microbial colonization and that 
the possible leakage of sugars from the seed 
(Mathews and (hrver, 1971) may actively encourage 
pathogen attack (Hayman, 1969).
Indeed a significant correlation for the 
electrical conductivity of steep water and field 
germination has been shown in castor beans (Thomas, 
I960) and in peas (Mathews and Whitbread, 1968). 
Several workers have also found a correlation between 
seed exudation and infection by fungal pathogens
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(Barton, 1957; Thomas, I960; Fientje and Saksena,
1964).
However, although the ultimate cause of 
seedling death, under wet conditions in the field, 
may be due to secondary infection, the primary 
cause will be resultant from the physical and 
metabolic effects of submergence, which in turn 
lead to exudation from the seed as observed by 
other workers.
II.The nature of soaking injury
This thesis, therefore seeks to determine the 
nature of primary damage to the seed as a result of 
the physical and metabolic effects of submergence.
A range of crop species has been chosen for this 
because seed was easily obtainable in uniform 
batches and also because field damage has frequently 
been reported in crops, and therefore this sbudy 
has potential economic implications to agriculture.
The importance of oxygen
The lack of oxygen in the soakwater may account
to some extent for the different behaviour between
species, because many of the smaller seeded species /showed greater tolerance to soaking in these
experiments (Table 1), possibly because of a lower
total oxygen requirement (which could be satisfied Î
by the small amount of oxygen dissolved in the '
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soakwater). However, if the difference is a
reflection of seed size alone then seeds of a 
similar size shoula show similar tolerance. This
was not found to be the case when seeds of 
different cultivars of Pisum sativum L . were 
examined. A distinct difference in soaking >
tolerance was demonstrated (Table 2). This |
precludes the possibility that seed size alone >|Jcontrols soaking tolerance. -i
A second possible explanation is that tolerant
seeds are ableeto germinate in the total absence ÿ
of oxygen. However, several workers have shown
that germination is not possible in the absence of ïj
%oxygen (eg. James and Hora, 1940), but for some 
time it was thought that rice was an exception 
to this rule, but more recently this has been 
disproven. Kordan (1972) found that exposure of .= ,7
seedlings to low oxygen concentrations resulted 
in suspension of normal growth.
The effect of complete anoxia was again 
examined in these experiments on the range of 
species under study. When seeds were placed in 
anaerobe jars no germination was recorded in any 
species, which confirms a minimal oxygen requirement J
even in the most soaking tolerant species.
A further possibility is that of anaerobic 
induced dormancy as a result of the soaking
treatments. To ascertain whether the species which |
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I failed to geminate underwater, retained their
germination capacity, an experiment was conducted 
on germination after a presowing soaking 
treatment of varying severity (from 0 to 96 hours 
seed soaking)(Table 2). Those species which 
germinated well underwater were not affected 
significantly by the presoaking treatments, but 
those species which were unable to germinate under 
water were markedly affected by the duration of 
presoaking. The intolerant species all gave a
significant negative correlation for germination
Iagainst 'hours of presoaking (p= .0 5 to p=.01)
(Table 2), while the tolerant species did not give 
a significant correlation. This confirms that the 
ability to germinate underwater is not just a 
question of anaerobic induced dormancy.
Change in morphology of seedlings after soaking seeds
An indirect result of soaking injury in 
seeds might be a change in the morphology of the 
seedlings, such as height, but no correlation of 
height and duration of presoaking was shown in 
these experiments, however, there were relatively 
few degrees of freedom (2 to 3)(Table 5)*
There is evidence in the literature for 
deleterious effects in grown plants raised from 
seed which has been soaked underwater. Kidd and
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West (1 9 1 9) showed that soaking seeds could encourage 
more rapid germination but that the yield was 
lower from such plants. Berrie (I960) found 
that on germination abnormal pea plants were 
common after soaking seeds prior to germination. 
Several alternative theories were proposed to 
explain this ~
a. change in the normal metabolism
b. an essential metabolite is leached out
c. an adverse material is accumulated in the seed. 
The changes observed were a supression of the 
terminai bud, development of basal auxiliary buds 
and the leaf shape was affected. Treated plants 
were usually slightly chiorotic. These changes
were probably resultant from damage to the 
meristem tissues due to anaerobic conditions. 
Similarly, Polya (1961) observed abnormalities 
in Populus alba seedlings after soaking seeds.
The abnormalities observed included less firm rooting, 
imperfect geotropism and inverse germination.
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III. MÏÏTABOLIG REACTIONS TO ANOXIA
Changes in respiration rate
;-. It is likely that any metabolic change on
soaking will be reflected in the respiration rate 
of seeds. Turing imbibition respiration rates 
rise in seeds and in the early hours of germinsuLon 
respiration rates are related to the water content 
of seeds (Opik and Simon, 1963). At the same 
time seeds of high vigour have higher rates of 
oxygen uptake, than seeds of low vigour which isIused as a basis of a respiratory test for seed 
vigour in peas (Y/oodstock, 1963). Under anoxia 
anaerobic respiration is likely to increase as a 
result of the need to satisfy the energy requirement 
of the seed (discussed later).
The effect of soaking seeds on their gaseous 
exchange was studied using standard manometrie 
techniques, in some detail in rice (highly tolerant 
of soaking injury), in Meteor pea (of intermediate â
soaking tolerance) and in Pioneer pea of poor 
soaking tolerance). The highest metabolic rates 
were observed in the species least tolerant of 
soaking injury. The respiratory quotient was 
highest in rice followed by Pioneer and Meteor pea 
(p=.001. Table 10), but a significant increase in 
RQ was observed in all three species on soaking
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compared with controls (Table 11). This indicates 
a relative increase of carbon dioxide evolution 
to oxygen uptake ie. due to lack of available 
oxygen, uptake will fall but carbon dioxide 
continues to be evolved resulting in the observed ,|
change in RQ. Indeed, in the two pea cultivars 
there was a significant increase in carbon dioxide ||
evolution on soaking (p=.02 to p=.001)(Table 11), 
while there was no significant change in rice.
Fluctuation in carbon dioxide evolution rates 
are common in the normal germination of seeds 
(Spragg and Yemm, 1959) and it is therefore not 
necessarily a measure of glycolysis, since 
fluctuations in RQ may suggest the oxidation of 
highly reduced metabolites eg. ethanol oxidation 
which may take place on the change from an
anaerobic to an aerobic environment (Peterson and
Cossins, 1966; Cossins and Turner, 1963). This
change from anaerobiosis to aerobiosis occurs 
naturally as the seed coat is ruptured by the "g
emerging radicle (eg. Cossins and Turner, 1963),
Similarly this change, may also occur to some 
extent underwater, when the seedcoat is ruptured J|
there may be greater access of oxygen from the 
soakwater if it has not already been depleted. f
However, injurious treatments to seeds |
resulting in differences to vigour are usually
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reflected by differences in respiration rates 
of seeds during the first few hours of imbibition 
eg. sorghum, radish and wheat (Woodstock and 
Justice, 1967) and in lima beans (Woodstock and 
Pollock, 1965).
Respiration under nitrogen was highest in 
Pioneer pea, followed by Meteor pea and rice 
(Table 10)(p=.001) ie. the lowest values were 
recorded in the species best able to germinate 
underwater. The nature of the change of respiration 
under nitrogen differed between species. In Pioneer 
pea there was a significant negative correlation 
(p=.01, Figure 4-) for respiration under nitrogen 
with duration of soaking treatment, which suggests 
severe substrate inhibition because of the high 
overall anaerobic respiration rate (Table 10).
In Meteor pea a significant positive correlation
was given (p=.01. Figure 3) ie. respiration
continues rapidly but at a slightly lower overall 
rate than in cv. Pioneer and can thus sstisfy the 
energy requirement of the seed prior to seizure 
of the reaction due to substrate inhibition. In 
rice there was no significant correlation of
v'irespiration under nitrogen with duration of soaking >|1treatment, which suggests that anaerobic metabolism ,
Îis unchanged as a result of soaking in this species. , -|
It therefore is likely that the absolute rate j
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of respiration under nitrogen is correlated with 
the survival ability of seeds underwater. To 
this end respiration and respiration under nitrogen 
were measured in several other species.
Table 14 demonstrates the relationship 
between respiration under nitrogen and species 
germination ability under water. This suggests 
that germination classes of seeds under anoxia 
mirror their metabolic classes as measured by 
respiration under nitrogen. To establish this 
relationship a regression analysis for the 
absolute rate of respiration under nitrogen 
(after a 24 hour presoaking treatment) against 
the fall in germination after a 72 hour presoaking 
treatment of the seeds of each species was 
carried out (this soaking treatment was chosen 
so as to give good differentiation between species) 
(Table 50 and Figure 40).
This analysis establishes a significant 
negative correlation (p=.01) for QOOg^ against 
germination after soaking seeds. There appear 
to be two classes of interaction between QCOg^ 
and germination. Where species with a ratio of 
germination after a 72 hour presoak to control 
germination exceed unity (ie. a 72 hour soaking 
treatment does not have a deleterious effect on 
germination) form a separate class from the
intolerant group (Figure 40).147
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Table 50. The relatL onship between the decrease 
in germination after a 72 hour presoaking 
treatment (ratio of number germinated after a 
72 hour presoaking treatment to the number 
germinated after no presoaking treatment) and 
their respiration rate under nitrogen (/a 1 mg dry 
weight~ hr“ ) in the seeds of some crop species.
Species or 
cultivar
Pioneer pea 
Meteor pea 
broad bean 
maize 
lettuce 
rice 
radish 
carrot
Ratio number 
germinated after 
72 hr presoak: 
no presoak
0
0
.5556
.6667
1.0147 
1.7500
1.0625
1.5077
Respiration under 
nitrogen ( /a 1 mg 
dry w e i g h t h r ~ ^ )
.569 
.445 
.269 
.240 
1 .199 
.105 
.0616 
.0265
Regression analysis 
Source of Sum of
variation squares
Degrees
freedom
Mean
square
P
Regression
Residual
Total
.2015
.04775
.2490
1
6
7
.2015
.007955
2 5 .5 0 2
p=. 01
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The adoption of anaerobic pathways under 
anoxia has been reported many times in the 
literature, however anaerobic respiration is far 
less efficient than oxidative phosphorylation. 
Considering glucose as the source of energy, 
we find that the common pathway (discussed^ 
later) two molecules of ATP are generated for 
each molecule of glucose consumed. If metabolism 
is then aerobic NADH will then be oxidised 
(three molecules of ATP times two) and finally 
decarboxylation via the citric acid cycle will 
yield more ATP (two molecules times fifteen). In 
summation therefore, for each molecule of glucose 
consumed thirty eight molecules of ATP will be 
generated in aerobic metabolism while only two 
molecules of ATP are generated in anaerobic 
metabolism viz. aerobic respiration produces 
nineteen times as much metabolic energy. It is 
notable, probably for this reason, that very few, if 
any, organisms are able to maintain a solely 
anaerobic process for any length of time.
Tables 51 and 52 summarise some of the 
important observations of anaerobiosis and their 
usual duration. Prom these tables it can be seen 
that organisms either undergo short term anaerobic 
processes accumulating non toxic end products or 
they have an efficient disposal system such as
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excretion (in animals) or translocation to 
aerobic surroundings (eg. the aerial part of the 
plant where the roots are flooded) or transport 
from partially anaerobic to aerobic parts of the 
organism (eg. where tissue is very compact).
Thus it is highly probable that seeds sown 
under flooded conditions will be unable to 
survive anaerobiosis for more than a few hours 
or days, because excretion (other than exudation 
from the seed) or transport of toxic materials 
to aerial portions of the plant is not possible.
Differences in tolerance of seeds are likely 
to result from differences in anaerobic respiration 
hate and hence accumulation of toxic products or 
in the differential accumulation of non toxic 
products. At the same time a high will
impart a higher metabolic rate which will be 
reflected in a change in the storage products of 
the seed.
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Table 51. The duration and tolerance of anerobiosis 
in several organisms where anaerobic respiration is 
of frequent occurrence.
Organism Main end Disposal Duration Reference 
product (damage to anaerobiosis 
(toxic) organism)
ANIMAL
Diving lactate remetabolism minutes Bryant,1971
seal (no) (no)
Human lactate remetabolism minutes Bryant, 1971
sprinter (no) (no)
Cockroach lactate remetabolism 5~6heurs James,1971
(no) (no)
Ascaris succinic excretion 5-6 days James, 1971'
nematode acid(no) (no)
African lactate excretion always
Trypanosomas glycerol
vonBrand,1966
(no) (no)
Diapausing glycerol remetabolism days/weeks CiImour,1965 
s i Ikworm (no) (no )
eggs
Moliniformis alcohol excreted 
(yes) (no)
always James,1971
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Table 52. The duration and tolerance of anaerobiosis 
in several plant species where anaerobic respiration 
is of frequent occurrence.
Organism Main end Disposal Duration Reference 
product (damage to anaerobiosis 
(toxic) organism)
PLANT
Potatoes lactate 
(no)
Alnus
Yeasts
Iris
Betula
(no)
alcohol
(yes)
remetabolism 
(no)
glycerol remetabolism 
(no)
diffusion 
into growth 
medium 
(eventually
ceases growth) 
shikkimate transport in 
(no) rising sap?
(no) 
in rising 
sap?
(no)
days/weeks 
days/weeks 
days/weeks
days/weeks
malate 
(no)
days/weeks
James, 1955
Crawford,
1972
Pasteur,
1880
I
■1
Tyler and 
Crawford, 1970 M
Crawford,
1972
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Changes in storage materials on soaking seeds
On germination storage materials are 
metabolised partly to provide energy during their 
breakdown, and partly to provide building blocks 
from which macromolecules may be synthesised for 
growbh of the seedling. The level of destructive 
breakdown of reserve materials will therefore 
depend upon the efficiency of energy use and the 
rate of growth. Because anaerobic respiration 
results in the loss of more free energy and 
avoids the enrgy rich oxidative phosphorylation 
steps of the Krebs cycle, germination of seeds 
underwater is likely to result in greater destruction 
of reserves for energy consumption than in normal 
germination.
It should be emphasised that starch is the 
main storage material in a number of seeds but 
this is normally converted (usually by the amylase 
enzymes eg. in peas, Juliano and Varner, 1969; 
in rice, Murata etal., 1963) to mobile compounds 
(sugars) to facilitate translocation to the 
meristematic regions. The major soluble 
carbohydrate is sucrose in rice (Murata etal.,
1968), in lettuce (Mayer and Poljakoff-Mayber,
1967) as well as in many other seeds and this 
declines during the first few days of germination
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as it is transferred to the growing point of the 
seedling. Also large amounts of glucose (which 
was formed “directly from starch by amylase) 
and fructose have been reported in a number of 
species eg. in rice (îvlurata, etal. , 1968) and in 
Phaseolus (Morohashi and Shimokoriyama, 1972).
In order to monitor changes in storage 
materials in the present experiments, both 
reducing and non reducing sugars were assayed in 
relation to soaking injury. (Sugars were assayed 
because they form a common link, as the starting 
point ofI glycolysis so that seeds with differing 
storage materials may readily be compared.)
Calculation of the loss of sucrose (mg g dry 
— 1 — 1weight* hr* ) from seeds on soaking (calculated 
from the fitted regression lines for the fall in 
sucrose with duration of soaking) showed a very 
close positive correlation against (p=.00l)
(Table 53 and Figure 41).
Similarly, Kerr (1964) found a greater loss 
of sugars from seeds as a result of increasing ' 
soil water while Mathews and Carver (1971) found 
that soluble carbohydrate exudate into soakwater 
gave a good indication of field emergence in peas. 
Brown and Kennedy (1966) working with soy bean 
seeds showed that exudation from the seed increased
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with, low oxygen availability.
This fall in sugars has been related to 
increased susceptibility to pathogenic attack 
(Heydecker, 1968); and tests on electrical 
conductivity of soakwater (Mathews and Carver,
1 9 7 1) probably monitor the internal changes 
taking place within the seed.
Indeed, when anaerobic respiration is high, 
as in seeds intolerant of soaking injury, 
metabolism of the reserves within the seed will 
also be rapid and the carbohydrate reserves are 
likely to become depleted more rapidly. This 
will be especially apparent if the utilization 
of reserves is relatively inefficient, as in this 
case when a substrate is respired anaerobically, 
when for a given amount of energy disproportionately 
higher respiration rates are necessary.
The main loss of sucrose is probably in the 
general metabolism of the seed in a bid to provide 
energy for the seed, and contributory to the loss 
is general leakage from the seed, therefore in 
seeds with a high QpO  ^earlier cessation of groivth 
as a result of soaking injury is likely to occur 
(ie. when the reserves have been completely 
utilized).
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Table 53» Loss of sucrose (mg g dry weight seed"^ 
hr*^) from seeds on soaking (calculated from fitted 
regression lines for fall in sucrose with duration 
of presoaking treatment for 0 to 96 hours) and its 
relationship to respiration under nitrogen after
a 24 hour presoaking treatment (/a 1 —1mg dry weight d
hpur*^) in a range of crop species. 1
Species or Loss of sucrose Respiration under 4■cultivar (mg g dry weight nitrogen (/h  1 mg 1
seed*^ hour”^) dry weight*^hr~^) 1Meteor pea -.2134 .4 4 3 .'k
Pioneer pea -.2103 .369 1
maize -.1699 .240 14
broad bean -.1433 .269 9:1lettuce -.1080 .1 9 9 ■
rice -.03767 .1 0 3 , 1%radish - .0 3 1 3 4 .0616 - ,i:■
carrot - .0 0 1 3 7 0 .0263
Regression analysis
1■A
Source of Sum of Degrees Mean P .A%
variation squares freedom square .-9:'1
Regression .0 3 7 0 7 1 .0 3 7 0 7 3 9 .1 1 3 1AResidual .003638 6 .0 0 0 9 4 3 0 }Total .04273 7 p=.001 '1
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Anaerobiosis and fermentation - Changes in ethanol content if
■iIt has therefore been shown that when seeds sIare soaked underwater, those with the highest |
respiration rate under nitrogen consume their seed 
reserves more rapidly, and they are also the seeds 
with the poorest survival ability underwater.
Since underwater germination is largely anaerobic
I
it is then logical to consider the anaerobic
Ibreakdown of sugars in previously recorded systems.
Under complete anoxia respiratory metabolism 
from sugar to pyruvate will occur (ie. glycolysis) 
but further oxidation via the tricarboxylic acid 
cycle (TCA cycle) will be inhibited, formally 
pyruvate would accumulate in excess because it 
cannot be oxidised under anoxia (oxygen is normally 
required at the terminal oxidase systems), but its 
fate will be determined by the metabolic equipment 
possessed by the organism, which may be able to 
dispose of pyruvate by reduction and this will in 
turn determine the soaking tolerance of the seed; 
ie. if respiration is blocked then metabolic 
poisoning will occur at the point of the block and 
further metabolism will be inhibited, but if the 
organism is able to convert pyruvate to a non toxic 
end product then it will increase its survival 
chances. However, alcohol fermentation will normally
.î; • '* /  rV ' - .«
commence in plant tissues in the presence of 
pyruvic decarboxylase and alcohol dehydrogenase ' 
which decarboxylate pyruvate and reduce acetaldehyde 
respectively to form alcohol (James, 1971 and 1993)» 
This reaction is extraordinarily complete in many 
species eg. in carrot where the reaction goes 
almost to completion and satisfies the Gay Lussac 
equation to within one per cent (James, 1993)»
Thus in the reduction from sugar to alcohol, 
the overall reaction may be expressed by
6""12"6 V- 2C^HcOH + 2C0,
This reaction is typified by the equimolar 
production of alcohol and carbon dioxide (eg.Hatch 
and Turner, 1998 in pea seed extract), indeed 
several authors have used this criterion as 
confirmation of anaerobic respiration in that a 
greater production of carbon dioxide indicates 
aerobic or at least a mixture of aerobic and 
anaerobic respiration where
^6%2^6 + 60g;=± 600^ + 6HgO
Alcohol fermentation occurs during the normal 
germination of many seeds which undergo a certain 
amount of anaerobiosis due to the impermeability 
of the seed coat to oxygen (Spragg and Yemm, 1999). 
There is much evidence for the accumulation of 
alcohol up to the point of rupturing the seed
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I coat ie.radicle emergence (eg. Cossins and Turner,
1962).
In the present experiments alcohol in seeds 
increased on soaking for 96 hours (compared with 
controls) in all species except lettuce (Tables 
21 and 22). This is beyond the duration of 
natural anaerobiosis due to impermeability of the 
seed coat eg. 9 to 6 hours in Phaseolus mungo 
(Morohashi and Shimokoriyama, 1972), 30 minutes 
in Sinapsis alba (Spedding and v/ilson, 1968),
1 hour in Lactuca sativa (Haber and Tolbert, 1999)1thereafter aerobic respiration will commence, 
at least in part.
In the soaking tolerant species used in the 
present experiments the rise of ethanol was smaller 
(0.3 to 3-3 times on soaking for 96 hours compared 
with control) than intolerant species where a 
greater rise in ethanol was recorded on soaking 
(3*8 to 1 7 .0  times). Tyler (1969) and Crawford 
and Tyler (1970) found a similar disproportionate 
rise in ethanol on flooding the roots of several 
species of grown plants which were intolerant of 
experimental flooding. They did not find such a 
large increase in species tolerant of this 
treatment. This rise is indicative of a much 
higher metabolic rate and they concluded that there J
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was an acceleration of glycolysis as a result of 
a reversal of the Pasteur effect in flood 
susceptible species. 'The parallel rise for seeds 
intolerant of soaking injury reported here is 
leant credence by the hj.gh respiration rates under 
nitrogen of seeds susceptible to soaking injury.
Alcohol accumulation has been shown to depend I
upon whether seeds are germinated aerobically or 3
anaerobically (eg. Cossins and Beevers, 1963;
Cossins and Turner, 1963; Cossins, 1962) as in 
the case of underwater germination alcohol
increased in some species (Doireau, 1969)« Î
'1Accumulation of alcohol may be sustained under ,i
anaerobiosis eg. in Phaseolus active accumulation 
occured for 6 days (Sherwin and Simon, 1969). It 
is likely, therefore, that the duration of soaking 
treatment will determine the extent of injury in 
seeds as a result of alcohol accumulation. However, 
when regression analyses were carried out for 
ethanol against duration of presoaking treatment 
(Tableéi'^ 3appendix) in each species, no significant 
linear regressions were given. This does not 
mean that ethanol does not accumulate in a linear 
fashion, but in these experiments changes within 
the seed were examined rather than the total change 
which would include some diffusion of ethanol into
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the soakwater. There was probably some loss in this J
way, which may be reflected in the non liiearity of ÿ
the analyses. Also the reaction is likely to slow 1
%with time due to the depletion of reserves and to |
product or substrate inhibition where there is a |Ihigh rate of respiration. 3
However, when the ratio of the increase of 
ethanol after soaking for 96 hours (ratio of |
ethanol after 96 hours soaking to ethanol after |
96 hours germination on moist filter paper) was I
compared, with the species respiration rate under ^I Initrogen, a significant positive correlation was f
found (p=.03)(Table 3^ and Figure 42). This confirms
that those species with the highest respiration
rates under nitrogen, were increasing their 4
alcohol content more rapidly, thus resulting in
earlier damage to the seed. This presupposes the J
availability of sugar reserves within the seed, f
so that when the rate of alcohol increase was 3;
Pcompared with sucrose loss from the seed per hour .1
a significant positive correlation was again found |
(p=.03)(Table 53 and Figure 45) which confirms the 1
high rate of sugar consumption. |
This is further evidence for an active alcohol "Jfermentation at the expense of reserves within the
seed. James and Ritchie (1934-) found a similar |
relationship between the sugar used by carrots |
V- : ■ 7 7 ^  . ' • • .•»«. ■ z ...\ -- :v "flT.. ,.7.' T ' y  ÿ.;..?'- ' .-V 7 . 'r .- ÎSjî
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under anaerobiosis and alcohol fermentation. They |
also related this to the equimolar production of
carbon dioxide, but in the present experiments I
such a relationship could not be demonstrated ?
because carbon dioxide emission and alcohol 1
rhaccumulation were not measured in the same reaction |
mixtures at the same time.
Damage to the seed would then result from I
ethanol damage to the meristems and the unavailabilty 
of reserves for developmental metabolism in the 
seed because of the energy loss in sugar conversion 
to alcohol % Also alcohol can only be reconverted 
slowly and with difficulty to assimilatory products.
Such a conversion, via the glyoxylate cycle, has 
been reported in many species when aerobic conditions 
resume (eg. Peterson and Cossins, 1966 in castor 
bean), however after a sustained period of 
anaerobiosis it is unlikely that such a conversion 
could be rapid enough to consume all the ethanol 
produced.
" Y '
Table 54. Regression analysis for the ratio of 
ethanol in seeds soaked for 96 hours underwater 
to controls germinated for 96 hours on moist filter 
paper against respiration under nitrogen after 
germina tion for 24 hours underwater (/a 1 mg dry 
weight seed hour" ) in the seeds of several crop 
species.
Table 55* Regression analysis for the ratio of 
ethanol in seeds soaked for 96 hours underwater to 
controls germinated for 96 hours on moist filter 
paper against fall in sucrose per hour (calculated 
from the regression equation for mg sucrose g dry 
weight seed"^ against duration of presoaking 
treatment for each species) in a range of crop species.
Source of 
variation
Regression
Residual
Total
Sum of 
squares
122.0783
89*4551
211.5554
Degrees
freedom
1
8
9
Mean
square
F
122.0783 10.9175
11.1819
p=.025
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Source of Sum of Degrees Mean F 1-1variation squares freedom square ■";l
Regression 42.1640 1 42.1640 6.9271 .(■Ï
Residual 36.5210 6 6.0868
Total 78.6850 7 p=.05 I
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Changea In malic acid content; of seeds on soaking
Acciimulation of alcohol is the most frequently 
reported end product of anaerobiosis in plants, 
but many other end products exist. Malic acid 
has also been identified in this context (Crawford 
and Tyler, 1969)• In the present thesis malic 5
acid assays were conducted in relation to duration 
of soaking treatment.
On soaking seeds malic acid showed no significant 4
trend with duration of soaking treatment, but the 
increase! in malic acid ratio (ratio of malic acid 
after 96 hours soaking to malic acid content of 
seeds after germination for 96 hours on moist |
filter paper) was negatively correlated with 
anaerobic respiration rate (p=.001)(Table 56 and 
Figure 44). Thus in species tolerant of soaking, 
malic acid content of the seeds increased as the 
respiration rate under nitrogen fell, while malic 
acid content was negatively correlated with loss 
of sucrose from the seed (p=. 001) (Table 57 and 
Figure 45). -
When increase in malate ratio was compared with i
increase in ethanol ratio a significant inverse 
relationship was again given (p=. 02) (Table 58 and 
Figure 46). Thus as alcohol increased so malic 
acid fell in such a way that the fitted regression
168
line appeared to be in the form of a cluster analysis |
with species intolerant of soaking grouped together,-, 
and those tolerant of soaking grouped separately 
together (Figure 46). Again, this is evidence for 
different behavioural classes with respect to 
germination mirroring their metabolic behaviour.
This is in accordance with the work of Crawford 
and Tyler (1970) who found an increase in malic 
acid in species tolerant of experimental flooding 
and an increase in alcohol in species intolerant of 
this treatment. Therefore malate to ethanol ratios 
gave higher values for species tolerant of flooding 
in their experiments, ie. there was an acceleration 
of glycolysis in thelintolerant species with 
ethanol production, while tolerant species did not 
show an acceleration of glycolysis to the same 
degree but accumulated malic acid in preference.
A metabolic scheme was proposed by McManmon 
and Crawford (1970) with a differential shift to 
malate in flood tolerant species. They found that 
in a range of plants, that those species with 
higher malate levels after flooding were more 
tolerant of this treatment, while those intolerant 31
of flooding accumulated more alcohol. In the |
intolerant group 'malic enzyme' was demonstrated 
while its presence was not shown in the .. .tolerant 
group (Figures 47 and $8).
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Table 56. The relationship between respiration under
—I ~1nitrogen (^  1 mg dry weight seed hour after 
24 hour soaking treatment) and increase in malic 
acid after germination for 96 hours underwater 
compared with controls germinated for 96 hours on 
moist filter paper (expressed as ratio underwater; 
control) in the seeds of several crop species.
Species or 
cultivar
Respiration under Malic acid ratio—1 — L(/A 1 mg dry wt hr ‘ ) (96 hrs germination
at 24 hours underwater :96hr control)
Pioneer pea 
Meteor pea 
broad bean 
maize 
lettuce 
rice 
radish 
carrot
• 569 
.445 
.269 
.240
• 199 
.103 
.0616 
.0263
.07323 
• 2761 
1.138 
1.037 
1.150 
1.379 
1.353 
1.430
Regression analysis 
Source of Sum of
variation
Regression
Residual
Total
squares
1^7619
.1138
1.8758
Degrees Mean
freedom square
1
6
7
1.7619 
• 01898
P
92.8539
p=.001
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Figure 44. Fitted regression line for increase in 
malic acid on soaking (ratio of malic acid after 96 
hours germination underwater to malic acid after 96 
hours germination on moist filter paper) against 
respiration under nitrogen (/a 1 mg dry weight seed" 
hour~^ at 24 hours soaking) in seeds of several 
crop species.
^ \  Increase in malic acid (ratio 96 hours germination
-1
1.3- underwater:96 hour control)
l.C
A  Abroad bean
Amaize
0.3
lettuce
correlation coefficient 
r = 9692
p = .001
AMeteor
Pioneer
^ÜGspirabion under nitrogen --' ' ( 1  mg dry wbseed hr" )
Table 37» Regression analysis for change in malic 
acid in seeds of several crop species after soaking 
for 96 hours underwater (ratio of 96 hours underwater 
to 96 hours germinated on moist filter paper) against 
fall in sucrose per hour (mg g dry weight seed^hr ^).
Species or 
cultivar
Ratio of 
after 96 
water : 96
malic acid 
hrs under 
hr control
Pall in sucrose hr 
(mg g dry weight 
seed" hour" )
Gladstone pea .02134- -.2639
Pioneer pea .07323 -.2103
Onward pea .1603 -.2931
Meteor pea .2761 - .2 1 3 4
broad bean 1.138 -.1433
maize 1.037 -.1699
lettuce 1 .1 3 0 -.1080
rice 1.379 -.03767
radish 1.353 - .0 3 1 3 4
carrot 1.4-30 - .0 0 1 3 7 0
Regression analysis
Source of Sum of Degrees Mean P
variation squares freedom square
Regression 2.6363 1 2.6363 4 3 .1 3 2 1
Residual .4923 8 .06136
Total 3.1490 9 p=.001
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Figure 43« Fitted regression line for increase in 
malic acid in the seed of several crop species on 
soaking for 96 hours (ratio of malic acid after 
germination for 96 hours underwater to 96 hour 
control germinated on moist filter paper) against 
fall in sucrose per hour (mg g dry weight seed"^hr"^).
Increase in malic acid ratio (ratio 96 hours 
underwater :96 hour control seeds)
carrot \ ^rice^  radish
1.0
lettuce
brdàd bean 
maize
correlationcoefficient
r = .9183
p = .001
0 .3
0 7i
Meteor 
A
Onward APioneerA Gladstone AT  .2
■I
■I
I
Fall in sucrose (mg g dry wt seed"^hr^||
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Table 38* The relationship between the increase, in 
alcohol and in malate on soaking seeds of several 
crop species (both expressed as the ratio of the 
value for seeds germinated for 96 hours underwater
to the value for control seeds germinated for 96
hours on moist filter paper).
Species or 
cultivar
■Ratio of 96 hours germination underwater: 
96 hour control on moist filter paper. 
Alcohol increase. Malic acid increase
Onward pea 16.9398 .1603
broad bean 9 .3 1 7 5 1 .1 3 7 6
Pioneer pea 9 .2 9 9 9 .0 7 3 2 3
Gladstone pea 6.9804- .0 2 1 3 4
Meteor pea 6 .6O36 .2761
maize 3 .8 II3 1 .0 3 7 0
radish 5.5283 1 .3 5 5 4
rice 3 .0 3 9 0 1 .5 7 9 5
carrot 2.14-44 1 .4 3 0 0
lettuce .3689 1 .1 3 0 3
Regression analysis
Source of Sum of ■ Degrees Mean
variation squares freedom square
Regression 1 .4 3 4 3 1 1 .4 3 4 3
Residual 1 .7 1 5 2 8 . 2144
Total 3.1497 9
174-
F
6.6906
p=.03
I4
e
I
:
Figure 46. Pitted regression line for change in 
malate on soaking seeds for 96 hours (ratio of 
malate for 96 hours germination underwater to 96 
hour controls germinated on moist filter paper) 
against change in alcohol on soaking in several 
crop species.
Increase in malate (ratio of 96 hours germination 
underwater to 96 hour controls)
1 . 0 .
0.3
carrot a  rice
Amaize
correlation
coefficient 
r =-.6749 
P = .02
A Meteor
Onward
• APioneer ^ Gladstone
5 10 13
Increase in ethanol on soaking seeds for ----> I
96 hrs (96 h^^ germination underwater : control)
The importance of malic acia is therefore as 
an alternative non toxic end product to alcohol.
McManmon and Crawford based their theory on the 
absence of malic enzyme in flood tolerant species. 
However, Davis, Hascimento and Patil (1974) using 
the same flood tolerant species demonstrated the 
presence of malic enzyme in all of these species. 
There is obviously some disparity between the 
results of McManmon and Crawford and those of 
Davis etal but it should be emphasised that McManmon 
and Crawford did find a difference in malic enzyme 
activity' between flood tolerant and flood intolerant 
species. It may therefore be argued that their 
theory still holds good and that it is possible that 
this difference is quantitative or indeed that there 
may be some difference in activity of the enzyme 
from flood tolerant plants for example due to the 
presence of an inhibitor.
As the discussion of malic acid accumulation 
is relevant to this thesis it is considered 
prudent to compare the difference found between 
McManmon and Crswf ord' s paper and that of Davis etal 
in more detail. Davis etal demonstrated activity 
in the 'tolerant group*' using a different extraction 
method which was shorter and of more recent origin. 
However, comparing extraction techniques is
176
difficult but of the several possible differences 
perhaps the most important is the addition of 
Polyclar by Davis etal. This is added to absorb 
phenolic materials which are often released on 
grinding plant material and may be inhibitory to 
enzyme activity. There are many references to 
phenol inhibition of germination eg. in lettuce 
seed phenols may interfere with the normal 
functioning and respiratory metabolism (Mayer, 
1963). There was no similar additive to absorb 
phenolic compounds in McManmon and Crawford's 
assay (taken from Ochoa, 1933).
That this hypothesis may be true is supported 
by Davis etal in the conclusion to,their paper, 
where the existence of an inhibitor of malic enzyme 
was reported in potato tubers. This inhibitor 
could be a phenolic compound. If this inhibitor, 
whatever it may be, is present in flood intolerant 
plants it could account for the lack of malic 
enzyme activity observed by McManmon and Crawford 
in these plants; and its presence would be a 
determinant of soaking tolerance.
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Metabolic scheme for flooding tolerant species
(after McManmon and Crawford, 1970).
MDH
PK = pyruvate kinase
PEP carbox = phosphoenolpyruvate carboxylase 
carb - carboxylase.
Figure 48.
Metabolic scheme for flood intolerant species 
(after McManmon and Crawford, 1970).
ADP ATP NADH HAD'
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ADP AÏP HADH NAD'*' j
PEP— pyruvate------ ^Ac et aldehyde— Ethanol (
PK carb ADH I
PEP carbox jjI NADH NAD'*'
Oxalo acetate > MALATE |
^ PEP —  ^Pyruvate------  ^Ac et aldehyde-- ETHAHOL 4
! PK carb ADHN \
PEP 'carbox '^ymalic enzyme'
^  NADH NAD'*' I
Qxaloacatate E = E L  Malade
MDH 3
PK = pyruvate kinase carb =’ carboxylase
PEP carbox = phosphoenolpyruvatecarboxylase
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 ^ Changes in lactic acid on soaking seeds
Lactic acid is often formed under anaerobiosis 
(eg.Wager, 1961 in peas; Sherwin and Simon, 1969 
in beans) and it may also occur under flooding 
(Hook, Brown and Kormanik, 1971 in swamp tupelo), 
indeed this is almost the universal answer to 
anoxia in the animal kingdom. However, its 
occurrence in plants is much less frequent or at 
least at much lower concentrations. There are 
several possible explanations for this but perhaps
the most 'important is the possession of the enzymeIpyruvic decarboxylase. This enzyme will secure 
pyruvic acid even when lactic dehydrogenase is 
present and extracts the reaction
CH.COCOOH CH.CHO + COppyruvic decarboxylase
which goes virtually to completion. Thus lactate
does not occur in tissues possesing this enzyme.
In the present experiments there was no real 
evidence for a linear increase in lactic acid with 
duration of soaking treatment (Table 770 appendix), 
nor was a significant relationship demonstrated 
for the ratio of lactic acid content of seeds 
soaked for 96 hours to lactic acid content in seeds 
germinated for 96 hours on moist filter paper 
against respiration under nitrogen. (Table 80 Appendix).
179
When lactic acid was expressed at the percentage 
of the total anaerobic end products measured per 
g dry weight seed (/-\ M ethanol + M malate +
M lactate g seed"^) then a significant negative 
correlation between respiration under nitrogen and 
percentage lactic acid was found in the soaking 
(96 hour) treatments using a Kendall Rank test 
(p=.0 0 7)(Table 59)* Ho such correlation was found 
for control seeds germinated on moist filter paper.
Therefore, although lactic acid accumulation 
is not directly related to absolute respiration 
rate unddr nitrogen it does form a higher proportion 
of the anaerobic product in seeds where the QCOg^ is 
lower ie. soaking tolerant seeds where the total 
anaerobic product is also smaller.
This shift in favour of lactate is important 
because it is possible to repay the oxygen debt 
via the reverse reaction
CHjCHOHCOOH + NAD'"'— ^ CH,COCOOH + NADH 
lactic acid LDH pyruvic acid.
At the samejtime lactic acid is a non toxic 
product and can accumulate within the seed without 
deleterious effects.
Analysis for lactic acid content of seeds can 
be used to monitor the presence of the pyruvic to 
lactic acid reaction and thus the absence of the
180
Table 59-
Lactic acid content of seeds expressed as a percentage 
of total anaerobic end products assayed (/* M ethanol 
+ ^  M malate + /v, M lactate g seed"^) with
Kendall Rank test for percentage lactic acid against 
respiration under nitrogen (yu, 1 mg dry weight seed"^ 
hour"^).
Species or Percentage lactate Anaerob;
cultivar 95 hours 96 hour Qcoy :
underwater control ( 1 mj
Pioneer pea .60 2.29 .3 5 9
Meteor pea 1.04 6.83 .4 4 5
broad bean 1.56 38.37 .269
maize 3.46 11.20 .240
lettuce 4 4 .1.7 16.77 .1 9 9
rice 9 .6 8 3 .1 2 .1 0 3
radish 2 3 .7 5 12.14 .0616
carrot 24.49 5 7 .1 0 .0263
Kendall Rank Correlation Coefficient
S = -20 = -10
probability
P » .0 0 7 = .138
24 hours soak
„ It_—1
(N.S.)
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enzyme pyruvic decarboxylase (or atleast relative 
inactivity of this enzyme) which is essential for 
alcohol formation. For example in potato tissue 
under nitrogen, carbon dioxide output falls from 
normal respiration levels (COp is released when 4
pyruvic acid is decarboxylated to acetaldehyde 
by pyruvic decarboxylase), but on return to air 
there is a burst of carbon dioxide emission before 
the rate returns to normal (James, 1953) ie.Potatoes 
which have been shown to have very little pyruvic 
decarboxylase activity form no alcohol under nitrogen, I
but instead a mixture of products forms of which 
lactate constitutes about half. (the burst of 
COp emission is due to the oxidation of lactate^
When a similar experiment was conducted with carrot 
tissue under nitrogen, carbon dioxide output rose, 
while on return to air the level immediately 
returned to normal. In carrot tissue alcohol 
formation occurs under nitrogen and its formation 
is largely irreversible with no corresponding 
oxidation on return to air (James, 1953). -
Lactic acid has been reported in seeds by #
several other authors during the period of partial 
anaerobiosis at the start of germination due to 
impermeability of the seed coat to oxygen 
(eg. Zeleneva, 1972; Cossins, 196^0. This
182
183
impermeability may last for up to thirty hours i(Sherwin and Simon, 1969 in Phaseolus vulgaris) ■ 5
while the reverse reaction has been reported under |
aerobic conditions in seeds (eg. Cossins, 1964). J
These changes in lactic acid must be
distinguished from changes as a result of enforced 
anaerobiosis (flooding). Sherwin and Simon (1969) 
did report such a change in Phaseolus seeds where 
the content of, lactic acid rose with dampness of i
the sand. They also found an increase in lactic
acid content on transferring seeds to an anaerobic 
environment. However, Tyler (1969) concluded 
that lactic acid was relatively unimportant as a
product of anaerobic respiration under flooded I
. Jconditions in grown plants, although he found 4
increases in this acid in the roots of several 
species on experimental flooding of their roots, 
but these effects were probably not significant.
An important difference has been established 
therefore, because lactic acid has been shown to 
be an important diversionary end product of 
anaerobiosis in seeds. This difference may be due 
to the absence of pyruvic decarboxylase, or its Î
existence in a relatively inactive form in seeds, 
especially in soaking tolerant seeds. Where 
pyrdvic decarboxylase is present it converts
I
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Pyruvate to acetaldehyde which is itself an inductive 
agent for alcohol dehydrogenase (McManmon and 
Crawford, 1969) which wouli favour alcohol production 
at the expense of lactic acid.
I
I
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Changes in properties of enzymes on soaking seeds f
The accumulation of alcohol, malate and 
lactic acid will depend upon the presence and |
properties of the enzymes catalysing the reactions 49involved. To extend the observations of McManmon 4:|and Crawford further experiments were carried out J
on alcohol and malic dehydrogenases with reference 1
to soaking injury in seeds. This affords a
comparison with the literature relating to lactic 
dehydrogenase where the nature of this enzyme and 
changes under anaerobiosis have been extensively 
investigated, especially in the animal kingdom.
Changes in alcohol dehydrogenase
I
In the present work, two species (including j
two cultivars of Pisum sativum) of different 
soaking tolerance were examined. Seeds of most 
species gave high ethanol contents after soaking 
for 48 hours (Tables 21 and 22) and therefore 
studies on enzyme activity were concentrated on 
soaking treatments up to 48 hours. Alcohol 
dehydrogenase catalyses the final reaction in the 
accumulation of ethanol and was therefore selected 
for study. It catalyses the following reaction-
CH^CHO + NADH — -  ^ CH^CHpOH + NAD+
acetaldehyde alcohol ethanoldehydrogenase
On soaking the specifTcl activity (mg protein"^)185
as well as total activity (g"^seed) increased with 
duration of soaking in the two pea cultivars, while 
in rice activity fell with soaking (Table 29).
Furthermore, the activity of ADH in rice was 
significantly lower than in the two pea cultivars 4
after soaking (Tables 29 and 30).
It will be seen that ADH is more capable of 
being induced (or activated in some way) in seeds 
susceptible to soaking injury, or that it exists 
at higher levels in seeds of poor soaking tolerance 
(peas) than in seeds of higher soaking tolerance 
(rice), so that some difference may exist in the 
nature of the enzymes between species.
Alcohol dehydrogenase is known to increase Î
its activity under anaerobic conditions (Hageman ■-j
and Flesher, I960) or on flooding the roots of 
species susceptible to this treatment (Crawford and 
McManmon, 1968)'however, it is not clear what :
the actual mechanism for increase is. Under 
anaerobic conditions the TCA cycle is blocked 
which leads to the production of pyruvate, and the 
excess pyruvate may be decarboxylated to acetaldehyde 
as already described. Acetaldehyde is capable of 
inducing ADH (App and Meiss, 1958; Crawford and 
McManmon, 1963) which results in the accumulation 
of ethanol.
This is simple induction, in this case causing
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an increase in the level or activity of an enzyme 
already present (Table 28 shows the presence of 
ADH in dry seeds) ie. there is feedback because 
as the enzyme is induced so glycolysis accelerates 
to produce more acetaldehyde which induces the 
production of more enzyme.
The situation is likely to be more complicated 
than simple enzyme induction, especially as several 
authors have shown a change in the affinity of an 
enzyme for its substrate under anaerobiosis. Such 
a change is indicated by the Michaelis constant 
for enzyme with respect to .’its substrate. (Km 
values indicate how easily an enzyme catalysed 
reaction will take place, so that for smaller 
Km values the faster the reaction will be at the 
available metabolic concentrations).
During soaking rice had a significantly higher 
Km for ADH with respect to acetaldehyde up to 48 
hours of soaking than Pioneer pea (Figure 12). 
Meteor and Pioneer pea Km's were partly confounded 
up to 24 hours but Meteor was significantly higher 
than Pioneer at 48 hours although confounded with 
rice. Therefore, although there was little change 
in Km with duration of soaking treatment (apart 
from a slight rise at 12 hours soaking in each 
species) there was a distinct species difference, 
with higher values recorded in the more tolerant
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species ie. a lower Km favours the reduction of I9-acetaldehyde to alcohol ( as in species intolerant i
of soaking where higher Km’s were recorded). t
A change in Km for ADH with respect to 
acetaldehyde was demonstrated by McManmon (1969) 
where a fall in the apparent Michaelis constant
was recorded on flooding non helophytes, so that
ethanol accumulated more rapidly in these species 
(Crawford and Tyler, 1969). As distinct from 
McManmon*s work, no change in Km was recorded on 4
soaking seeds, but species difference was present 4' Jwhich again suggests a difference in metabolic |
behaviour of seeds as compared with grown plants. I
The nature of the difference between soaking 
tolerant and susceptible species then appears to 
be that the apparent Km is lower in seeds 
susceptible to soaking injury leading to a high 4
metabolic rate resulting in alcohol production.
At the same time feedback (as above) will accelerate 
the reaction leading to the observed reversal of
the Pasteur effect. Thus a change in Km or a |
difference in Km due to species difference 
involving the last reaction in a chain, will cause I
a shift in the equilibria throughout and the whole 1
process will be accelerated. 4
McManmon indicates a further possibility, 
which is the induction of isoenzymes or specific f
-t
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subunits of a multiple enzyme form. The term
isoenzyme is relatively recent (Markert and Moller, j
I1 9 5 9) and their widespread occurrence has only I
recently been appreciated, thus Scandalios (1974) Ï
states ‘isoenzymes are the rule rather than the I
■ %
exception as previously believed'. The importance f
of isoenzymes as regulators of cell metabolism is |
not yet fully understood. I
Nielsen and Scandalios (1971) using maize f
seedlings grown under anaerobiosis, were not able 4
to detect any new isoenzymes and they concluded t
1 ithat the 'apparent increase in ADH activity under 
anaerobiosis was not due to activation or induction
s,of new enzymes. However, they found that one of |
the enzyme forms, referred to as ADH-1 (specified 
by a particular gene known as Adh^) increased 
significantly under anaerobic conditions as compared 
with other ADH isoenzymes. This was particularly 
important because ADH-1 favours the backward 
reaction from acetaldehyde to ethanol. This effect 
may be unusual and the role of isoenzymes has not 
yet been universally proven in this connection. I
The most significant difference between seeds 
of differing soaking tolerance is likely to be an 
increase, or inherently higher levels, of one of 1
the isoenzyme forms with a lower Km for ADH with 4■4respect to acetaldehyde in soaking intolerant species. 4
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a1It is possible thgb this isoenzyme could be ADH-1 
in species which are intolerant of soaking injury 
rather than the induction of a completely new 
isoenzyme. (This is not necessarily the case, 
because closely related isoenzymes are likely to 
have similar Km values eg. McManmon (1969) using 
Carex arenaria found two bands close together on 
flooding, while normally only one band was present 
but this was in the same place as the two bands).
Because ADH will catalyse the reaction 
acetaldehyde ethanol either way, the possibility 
exists, that a given isoenzyme may favour the 
reaction more stpongly in one direction, which in 
the case of a shift to the right (ethanol) would be 
a partial explanation of the differing behaviour of 
ADH under anoxia (eg. ADH-1 favours the reaction to 
the right).
During the germination of seeds, alcohol does J
not. normally accumulate, although there are periods 
of anaerobiosis when it is produced quite rapidly 
(eg. App and Meiss, 1958) and, as already discussed, 
remetabolism via the glyoxylate cycle may be only 
part of the picture. It is known that activity of I
ADH decreases with germination and it has been 
suggested (Scandalios, 1974) that an inhibitory 
substance may be produced in the later stages of J
germination ie., inhibitory to ADH. A further
190
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possibility exists therefore, that this inhibitor 4
may not be produced on soaking seeds of susceptible :
species, but this is purely speculative as the
inhibitor has not yet been identified, although
Scandalios claims that the inhibition is irreversible
and that the inhibitor itself is heat labile and
partly dialyazible. There are reports in the
literature of ADH induction by long chain fatty
acids (Erikson, 196?; Kollofell, 1970), alternatively %
oxygen would act as an effective inhibitor of ADH |
activity.
Changes in malic dehydrogenase activity on soaking seeds
'iVhen malic dehydrogenase activity was examined 
in seeds, the specific activity (mg protein"^) was 
very much higher in rice seeds up to 24 hours 
soaking than in pea seeds, although at 48 hours 
all three species were confounded. There was 
therefore much higher MDH activity in the ealy 4
stages of soaking in the tolerant species. However,if 
the change in MDH activity (comparing unsoaked 
Beeds with seeds soaked for 48 hours) was compared |
then the specific activity per mg protein rose |
with duration of soaking in peas (p=.02) but not I
in rice (Table 33)- Indeed, McManmon (1969) 
demonstrated increases in MDH under severe anoxia 
in helophytes only, but concluded that the precise
191
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role of MDH in flooding tolerance was obscure as 
he found that both malate and oxaloacstate were 
inductive agehts, but only at much higher 
concentrations than might naturally be found HJnaturaüy under anaerobiosis.
The change in activity per g seed (Table 34) 
gave similar results, but the relative orders of 
magnitude were reversed. In rice a lower total
4activity was recorded which suggests that rice MDH ^
may be a higher protein type or perhaps a different 
isoenzyme. To investigate these differences 
further. Km's with respect to oxaloacetate were 
examined.
The Km for MDH with respect to oxaloacetate 
rose on soaking in rice, but there was no change 
in pea (Table 33) and this mirrors the fall in 
specific and total activities after 48 hours 
soaking seed of rice (presumable metaholism slows 
under prolonged anoxia). McManmon suggests that 4
the fall in malic acid observed when non helophyte 
roots were flooded was by conversion of the malate 
to other metabolites via oxaloacetate. It is likely- 
that in rice where Km rose, that such a reconversion 
did not occur thus accounting for the observed 
accumulation of malic acid.
A significantly lower Km was recorded in rice 
than in the pea cultivars after 48 hours soaking
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#îïich." corresponds with, the high malate production 
in this species under anaerobiosis.
' Isoenzymes for UDE have been reported 
(eg'. McManmon, I960) although their role under 
anaerobiosis has not been elucidated. It is 
ühlikely that the pattern will be directly 
comparable with ADH.
Changes in lactic dehydrogenase (not investigated)
Recent work on the enzyme lactic dehydrogenase 
and lactic acid accumulation throws light on the 
accumulation of lactate as an end product of 
anaerobiosis. Also a comparison may show similarities 
with ADH activity. - . - - ■
'^“ -'-Two major form of LDH exist-
If"'H type which is common in aerobic cells.
2 M form which is common in anaerobic cells.
(Kaplan and Everse, 1972).- It was suggested that 
the catalytic activities of the two types are 
Controlled by protein structural changes. Indeed 
pyruvate inhibition is highest with the H type 
(ie. aerobic type) and this inhibition is due to 
the formation of a temporary ternary complex 
between the oxidised coenzyme, pyruvate and the 
enzyme itself -
I
.a
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viz.
. NADH + Pyruvate > Lactate + NAD+
LDH
Cv. This complex is much more readily formed in the 
'aerobic' or H isomer. In behaviour, then the M 
isomer is equivalent to a pyruvate reductase and the
H isomer
ie. Pyruvate Lactate
. .. competition |
NAD*^  + Pyruvate + '^DH'^ZZZZZ^ Ternary complex
J
i
3H isomer a lactic dehydrogenase. tÏ
M isomer j
'’4Kaplan and Everse concluded that the existence of s%Ithe ternary complex (H type ternary complex) depends on the NAD*:NADH ratios. Therefore the H I
type is the regulatory enzyme since it is the type 
forming the ternary complex.
In a study of LDH McManmon (1969) found some 
induction on flooding in several non helophytes, 
but the activities were small and the differences 
not significant. He also found a small change in 
one helophyte. Similarly, Crawford and Tyler 
(1969) found that lactic acid was absent, or present 
to only a very minor degree, in plants as a result 
of flooding their root systems.
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IV. GENERAL DISCUSSION - THE ENERGETICS OF 
ANAEROBIOSIS
generation of ATP and NAD"*'
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IAn overall analysis of metabolic reactions to' - Ianoxia in seeds can be based upon an energetic
analysis. This-approach is justified because 
the biological role of glycolysis and of j
fermentation is. to provide energy in the form of 
high energy phosphorus compounds (eg. ATP) and 
NAD’*’ in order to maintain gro^vbh when gaseous 
oxygen is not available.
Normally oxygen is^utilized at the terminal 
oxidase systems in the reduction of NADH with 1
+. H'*' + 3ADP + JPhosphate — >NAD'*' + H^O + 3ATP 
Thus,ATP is available as a high energy compound E
;and. NAD"*^ . is available to oxidise further metabolic 
reactions.
Thus Table 60 summarise some of the previously 
recorded,products which accumulate under anoxia,
:ip plants, in relation to their energy yield. High 
ehe3^ , phosphorus compounds (ATP) and oxidised 
hydrogen carriers are recorded (ie. NAD’*' and NADP’*’).
, f vP-'î The ..most important observation is that all of 
the.reaction chains either recycle NAD or generate 
ATP. The successful nature of a metabolic shift 
depends upon both the generation of energy and the
y. '".f/j
oxidation of hydrogen carriers under anoxia. It 
might therefore be expected that both criteria 
would be j^isfied in each case. Shikimic acid is 
then the exception to this rule, in that no ATP 
is generated. However, as Tyler and Crawford (1969) 
demonstrated, this product is mainly accumulated 
during the winter months in the rhizomes of 
Iris pseudacorus L. grown under flooded conditions.
"It d:s —likely that—growbh is- non existent and this If
Ismay be a mechanism, to stave off death rather than g
to maintain growth (ie. this allows HADP"*" recycling), 
evidence in favour of this argument is given by the if
yapid metabolism of shikimate and the appearance 
,of other products (eg. malate) of anoxia under 
flooding in the summer months. This malate 
accumulation is thought to generate energy in the 
I'prm of ATP (Davxs etal, 1974).
Î However, during anaerobiosis there may not only |■•Ibe_ a rate limiting process, but there may also be . f
a^ quantity limiting process. For example in the
case of glucose conversion to glycerol a 90% J
- - ^
conversion rate to glycerol has been reported in
African Trypanosomas (vonBrand, 1966). Crawford
l(1972) schematically links HADH reduction, on i
formation of glycerol with HAD+ oxidation in the r
glycolytic pathway. In this reaction scheme then,
r** I J
theoretically, for each molecule of glycerol 
formed one molecule of one of the intermediates of 
glycolysis must be formed. This emphasises the 
essential nature of reactions to anoxia. That is 
that a pool of end products is formed and the 
quantitative relationship between these products 
determines the success of the organism under 
anoxia. Thus if the products are easily remetabolised 
and are non toxic, then an organism with a 
metabolic shift in the direction of these products 
under anoxia is likely to survive ie. diversification 
of end products of anaerobic metabolism.
An examination of glycolysis, starting with 
glucose as the substrate through to phosphoenol- 
pyruvate, shows no net gain of ATP, while HAD’*’ is 
reduced to NAPH. Therefore, glycolysis to this 4
point is self sufficient assuming a supply of 
substrate and of oxidised NAD"^.
ie. Glucose + 2ATP -k 2NAP — >Phosphoenolpyruvate +
2ATP + 2NADH + 2R*
However, as the glycolytic pathway proceeds 
(also known as the Embden-Meyerhoff pathway) so 
the available HAJ)*^  will be depleted, which would |
be severely rate limiting if not regenerated. It
■ais at this point that the energetics of anaerobic ^
respiration become critical because phosphoenol-
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Table 60.
Examples of reports from the literature of NAD"*" 
recycling and high energÿ phosphorus compound 
generation (eg. ATP) under anaerobiosis in a 
number of plant tissues.
End Product Recycling Generation oPlant Reference
of NAP high energy 
compound
l.end product 
P.ehergy yield
lactic acid
glycerol
alcohol
yes
yes
yes
yes
shikimic acid yes
yes
yes
no
malic acid yes yes
bean 1.Sherwin and
(French) Simon (1969) 
R.Bronk, 1973
alder 1.Crawford,1972 
2.Crawford,1972
tomato 1.Fulton and
Erikson,1964 
2.Bronk, 1973
Iris pse- 1.Crawford and 
udacorusL Tyler,1969
2.Crawford and 
Tyler,1969
bog plants1.Crawford and
Tyler,1969
2.Davis etal, 1974
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Figure 49. The pathway of glycolysis taking 
glucose as the substrate through to phosphoenol- 
pyruvate (as taken from standard texts in 
biochemistry).
GlucosecATPADP + Phosphate 
glucose 6-phosphateIfructose 6-phosphate 
/ ATP
> ADP + Phosphate 
fructose 1,6-diphosphateIglyceraldehyde 3~phosphate 
2NAD+
2NADH + 2H*
1,3-diphosphoglycerate
2ADP * PPhosphate 
2ATP
3-phosphoglycerate
c
c
2-phosphoglycerate
\j/ ^
phosphoenolpyruvate
I
I
.-'i
I
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pyruvate has two frequently reported fates under 
anoxia. Normally it is channeled into pyruvate 
which is then itself reduced to regenerate NAD"^ , 
but there is evidence for a shift to oxaloacetate 
and hence malate in many species (Crawford and 
Tyler, 1969)* Further evidence suggests that the 4
malic acid may be converted to pyruvate subsequently 
(eg. in flood intolerant species - McManmon and 
Crawford, 1971).
The energetics of these two reactions may 
be summarisedI1.Phosphoenolpyruvate + ADP + phosphate
Or
pyruvaty kinase 4
Pyruvate + ATP
2a.Phosphoenolpyruvate - ... ^ oxaloacetatePEPcarboxylase I
2b.Oxaloacetate + NADH Malate + NAD^ + H"*"
MDH
2c.Malate + NADPH Pyruvate + NADP + COp
malic enzyme
Alternatively for 2a. ' |
Phosphoenolpyruvate + ADP + COg z^iiznù Oxaloacetate +
ATP
PEPc arb oxykina s e 
Thus there is a net gain of ATP on the production 
of pyruvate by pyruvate kinase, while there is 
also a gain via the oxaloacetate - malate shift
200
K.;. y
Figure 50.
Reaction steps for shift via malic acid to pyruvate
PFPcarboxylase
Phosphoenolpyruvate
Oxaloacetic acid
NADH,
MDH
Malic acidPyruvate
Malic enzyme
NADPH
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where phosphoenolpyruvate carboxykinase is the active 
enzyme. However, McManmon and Crawford (1971) i^ i 
a metabolic scheme for flooding tolerance related 
oxaloacetate formation to the enzyme phosphoenol­
pyruvate carboxylase (as found by Ting and Dugger, 
1965), but although this enzyme was found to be 
active in the species tested, there was no correlation 
between its distribution and flooding behaviour in 
the species examined. A possible reason for this 
confusion is the existence of a synergistic effect 
between P3P carboxylase and PEP carboxykinase, 
where the forner enzyme increases the activity of 
the latter enzyme (Vennesland, 1963). McManmon and
significance in flooding tolerance was doubtful.
ICrawford (1971) found PEP carboxykinase activity |
in only one species and concluded that its general
Davis etal (197^) believe the PEP carboxylase , J
•ireaction to be unlikely on energetic grounds and 
suggest that PEP carboxykinase may be involved.
However, in flood tolerant plants where malic acid 
is often the end product of anaerobic respiration,
NAD*^  is regenerated by the oxaloacetic acid- malic 
acid reaction.
Because of the high growth rates of these 
species, it seems likely that ATP must be produced 
in the PEP to oxaloacetate step as there would
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otherwise be no net gain of ATP during anaerobic 
growth. _|
PEP + COg + A D P ^  Oxaloacetate + ATP
pck
processes.
Therefore, NAD"^  has to be regenerated by the
'«I(pck = PBPcarboxykinase) ÿ
,1Even during fermentation there is a slow *|
net gain of ATP from the PEP to pyruvate steps
with regeneration of NAD*^  on reduction of pyruvate 
to alcohol.
In flood intolerant plants, if there is a 
shift via oxaloacetate and malate leading to 
pyruvate, there will be no gain of oxidised ;
hydrogen carrier (NADH is oxidised in the conversion 
to malate but NADP*^ is reduced on conversion of
malate to pyruvate) (Figure 50) but there would be 1a similar gain in ATP energy as in fermentation 7
reduction of pyruvate in one of the ways shown 
in Figure 51* Of these alternative pathways, 
the pathway from pyruvate to oxaloacetate is ‘I?
unlikely under anoxia, because it destructively 
utilizes ATP. Also the pathway to Acetyl Co A 
and thence the TCA^cycle (Erebs cycle) is limited 
because it is an NAD"*' requiring process.
This leaves three real possibilities-
1 . malic acid as an end product.
2 . alcohol.
5* lactic acid. pup
Figure 51*
Outline of alternative fates of pyruvate under anoxia.
Lactic acid (when pyruvate levels are
NAD
LDH
NADH + H
r high and NADH:NAD ratio NAD'*' is high. No pyruvicdecarboxylase enzyme present)
NADH + H
ATP+COPyruvat e
pyruvate
decarboxylase
Acetaldehyde
ATPTCO
ADP+POxaloacetateADP+P
pyruvate carboxylase
NADH + H
NAD"
NADH + H 
ADH 
iUD"*"
Alcohol
(high pyruvate, NADH: 
NAD* ratio and 
presence of pyruvic 
decarboxylase enzyme)'
NAD* +COA+SH Acetyl CoA
NADH+H^+CO,
NADPH+
H*+CO^
NADP
NADPH+
H*+CO.
malic enzyme 
+NADP 
Malate
204
3
:
i
-L-; TIL fVC : ", ; \ L- r'y- r : '' ^«'V '"'#'
la. Pyruvic acid ^......    Ac et aldehyde + COg
pyruvic decarboxylase
lb. Acetaldehyde + NADH :rzri-:.r:^  Alcohol + NAD* 
alcohol dehydrogenase
2. Pyruvic acid + NADH ^ zzzzzzt Lactic acid + NAD*
lactic dehydrogenase
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Malic acid
As a direct metabolite of pyruvate malic acid 
is unlikely. This is because of the very large 
differences found by McManmon and Crawford (1971) 7
in the activity of malic enzyme between flood 
tolerant and flood intolerant species. Although 
they reprted the absence of malic enzyme in flood 
tolerant plants, Davis etal found the enzyme to 
be active. The difference is probably quantitative 
and this suggests that if the reaction did run 
pyruvate to malate then flood intolerant plants ,s|
would accumulate malic acid in preference to 
tolerant species. This has not been found to be |
the case (eg. Crawford and Tyler, 1969).
Both alcohol and lactic acid accumulation 
are likely on energetic grounds with their 
regeneration of NAD* (also ATP generation to 
pyruvate) 
viz.
The regulation of enzyme activity under anaerobiosis
In the foregoing discussion,anaerobic pathways 
have been considered with reference to metabolism 
of reserves within the seed. However, the 
existence and relationship of metabolites and energy 
rich compounds will be determined by the presence 
and activity of the enzymes involved. Thus in a 
study of selected enzymes differing activities were 
shown between soaking tolerant and soaking sensitive 
species. Generally ADH and invertase activities 
^ere higher and MDH activities lower in species 
sensitive to soaking injury, after experimental 
soaking treatments.
It is this plasticity of enzymes which may
hold the key to enzymic control of soaking tolerance. i
■ISubstrates, intermediates and products may all have |
important controlling effects on enzyme activity.
This is illustrated by reference to some of the |
theoretical points at- which control mechanisms 
may operate. For example pyruvate to lactic acid 
will be controlled by NAD* to NADH ratios. This is 
supported by the change in ratio (increase) on 
removal of pea seedlings from anaerobic to aerobic 
conditions (Effer and Eanson, 1967). Phosphoenol­
pyruvate conversion to pyruvate will similarly be 
controlled by ADP to ATP ratios. Thus glycolysis
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 ^ in germinating pea seeds is inhibited by ATP 
(Mayer and Mapson, 1962; Mossberg, Mayer and 
Mapson, 196^0, so that a high ratio of ADP to 
ATP will result during anaerobic germination.
Further control is often imparted by changes
of the enzyme itself. A large number of enzymes 
exist in multiple forms, some of which may be 
rendered inactive by the action of inhibitors. 
Thus control may take the form of an allosteric 
control system (Monod, 1966) where an enzyme
has a binding site for a regulatory molecule andIa furthejc catalytic site. However, a change in 
three dimensional shape may render the enzyme 
inactive, as in the case of combination with the 
regulatory molecule. The control will then be 
determined by the presence of substrate which 
will combine with the enzyme in preference to the 
allosteric inhibitor ie. substrate availability 
will stabilise the enzyme in the active form.
Individual steps may then be linked to 
. reactions which supply the substrate and remove 
the products and therefore the accumulation of 
the final product in the reaction scheme will 
determine the overall rate of the metabolic 
sequence. For example in soaking sensitive 
species the final reaction (acetaldehyde to 
alcohol) of fermentation is favoured by a fall in
207
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Km for ADH (with respect to acetaldehyde) causing 
an acceleration, of the whole chain of reactions 
which similarly shift to compensate. In a bid 
to provide energy this reaction accelerates with
a reversal of the Pasteur effect, sometimes 
referred to as the Crabtree effect (Bronk, 1973)
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D. TBMPPHATURÏÏ AND SOAKING INJURY
Introduction
Soaking injury varies with the temperature 
of soaking, and the latter part of this thesis 
examines two questions which arise. Firstly, 
whether submergence at low temperature has a more 
severe effect on injury, as is the case with low 
temperature imbibition on germination (Pollo&k 
and Toole, 1966). Secondly, whether an increase 
in temperature of soaking results in greater 
injury, Lecause of an increase in the rate of 
anaerobic respiration, because it is a metabolic 
process and should therefore rise with temperature 
as a result of the effect.
IÎ. LOW TEMPERATURE SOAKING INJURY
When the effect of low temperature (0°C)
(the treatments were maintained marginally above I
this temperature to prevent freezing) on underwater 
germination was examined, none of the species 
(including soaking tolerant species) germinated.
At 10°G good germination was recorded in all of 
the soaking tolerant species (probabilities by 
chance of the observed differences from p= .^ .7 x10'"^ 
to p=fp&xlD^)(Table 38).
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Again the effect of a presoaking treatment 
was examined in each species. In the soaring 
tolerant species there was little evidence for 
enhanced injury (in subsequent germination counts) 
after low temperature soaking treatments. In 
the species susceptible to soaking injury, there 
was a lower germination count after low temperature 
imbibition (block diagrams in Figures 1? to 25). 
However, the effect on maize was very small; this 
species is the most tolerant of injury of the 
previously recorded susceptible group.
The apparent discrepancy between the underwater 
germination trials and germination counts taken 
after a presoaking treatment is probably due to 
the prolonged time required for germination at.0°C 
in the underwater experiment. Indeed, none of the 
species germinated at this temperature, even if 
left in incubators for several weeks. Since the 
seeds used in the presoaking trials were all sown 
at the same time, this variable was eliminated in 
this experiment.
Damage as a result of low temperature (O^G) 
was therefore enhanced only in species normally 
susceptible to soaking injury. Morinaga (1926) 
demonstrated underwater germination in several 
herbaceous species but found that this would only
210
occur if the temperature was adequate, although 
this may simply be a temperature requirement for 
a sufficient rate of metabolism for germination 
to commence. However, Pollock and Toole (1966) 
found that low temperature damage, as a result 
of low temperature imbibition, impaired germination, 
Polya (1961) using Populus alba seeds imbibed at 
from 0 to 6U minutes and then air dried found ta distinct fall in germination (abnormalities J
were recorded where germination did occur eg. the
%presence} of hypocotyl hairs, less firm rooting and
I
Iinverse geotropism. These abnormalities are 3
likely to reduce the survival chances of seedlings 
which do germinate).
This fall in germination with duration of low 
temperature treatment was more than additive with 
length of treatment. Figure i^2 is based on data 
derived from Polya's paper and shows this relationship 
Although this may not be directly comparable with 
the injury recorded in this thesis j(polya air dried 
his seeds after imbibition) it is striking that such 
a high order of damage occurred so rapidly. This 
is consistent with the theory proposed by Woodstock 
and Pollock (L969)* They suggested that the mechanism 
of chilling injury was the result of physical 
injury to the seeds, in that at the very low rates
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of respiration at low temperatures, membrane 
expansion is unable to compensate for the rapid rate 
of water uptake.
There is evidence for such a reduction in 
respiration rate at lov/ temperature in a number of 
species eg. in lima beans (Woodstock and Pollock,
1965), in birds foot trefoil (Qualls and Cooper,
1968), in cotton (Hayman, 1969) and in beans 
(Opik and Simon, 1963; Orphanos and Heydecker,
1968).
This implies that the length of exposure to _ 4
low temperature during imbibition (assuming the •tavailability of water) will determine the extent ,4
of injury, as found by Polya, resulting from 
purely physical forces.
To ascertain whether low temperature soaking %'4damage is related to the metabolic damage already 4J'discussed in the earlier part of this thesis ê
'(ie. at higher temperatures) experiments were 4
conducted on four pea cultivars of differing 
soaking tolerance. A study of the enzyme invertase 
was used to monitor changes in sucrose and to gain 
further insight into the metabolism of the seed.
No significant change was recorded in this enzyme %
at low temperature (Tables 44 and 45). M
Alcohol accumulation was lower in low temperature
2 1 2
soaking treatments, while malic acid was relatively 
little affected by low temperature.
Prom the current experiments there appears to 
be no evidence in favour of eniiancement of metabolic 
damage as a result of low temperature soaking 4
treatments along the lines discussed in the earlier 4
part of this thesis. The theory that low temperature
'Î(and hence low temperature soaking) damage can a4result from physical injury is strengthened by the 4
work of Hayman (1969)* He observed greater 
exudation rates from cotton seeds at low temperature, 
which presumably the result of membrane damage 
with consequent leakage from the seed. However,
Christiansen (1968) claimed that death of seeds 
after chilling injury was due to a metabolic block; 
or a combination of physical injury with a metabolic 
block (Pollock, 1969; Obendork and Hobbs, 1970).
It is true, of course, that physical injury could 
be the primary cause of damage resulting in a 
metabolic block directly as a result of tissue 
disintegration and leakage from the seed.
It is important to stress that in many reports 
of low temperature damage, secondary infection 
by pathogens was important. Thus Dickson (1923) 
found that attack of maize seeds by Gibberella zeae 
varied according to the temperature and water
I213 I
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Figure 52.
Percentage germination after soaking seeds of 
Populus alba for varying duration at (Data
taken from Polya 1961).
Percentage germination
80
60 .
40
20
0 20 40 60
minutes of soaking seed at 
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at germination. The fungus became more pathogenic 
at low temperatures (too low for successful 
germination of maize). Hayman (1969) similarly 
demonstrated pathogenic attack at low temperature, 
but attack by the pathogen was favoured as a 
result of increased sugar exudation by the seed. 
Exudation rates are often greater at low temperatures 
eg. in cotton (Hayman, 1969) andin peas (Perry 
and Harrison, 1970).
1
I
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III. HIGH TEMPERATURE SOAKING INJURY
Underwater germination trials conducted at 
10, 20 and showed a greater fall in germination
at 30^0 in the species least tolerant of soaking 
injury (Table 37)• Similarly in experiments on 
germination after presoaking, high temperature 
madeclittle difference to germination counts in 
the tolerant species but there was a marked interaction 
of temperature and duration of soaking in species 
previously recokbd as susceptible to injury. High 
temperature in combination with a long presoaking 
treatment had the most severe effect on subsequent 
germination in these species (Tables 39 and 40).
3dBell and. Naylor (1972) demonstrated a similar 
high temperature reduction in the germination of 
swamp tupelo seeds (Nyssa sylvatica). They 
attempted to germinate seeds in both soil submerged 
in flood stagnant water and in similar conditions 
with aeration of the floodwater at 1 3 , 21 and 33^0.
As the seeds failed to germinate, they tried a 
subsequent germination test under conventional 
conditions (the seed were underwater for several 
weeks in the previous experiment prior to 
their use in this experiment). A severe reduction 
in germination was recorded after 33°C soaking 
when compared with 21°G. Germina tion after soaking
216
four pea cultivars at 10 and at 30°C to determine
rose at 30°G compared with lO^C as expected
i
3
in the aerated treatment was also reduced with 
temperature, but less so than in the flood stagnant 
treatment.
Mayer and Poljakoff-Mayber (1963) and Spragg 
and Yemm (1959) observed that temperature effects
had less effect on respiration than expected |
because of the effect of the seed testa which 
inhibited gaseous exchange.
Respiration under nitrogen was compared in ?
the Q^q for the reaction (Table 41). In the least 
tolerant cultivars QCOg 10°G hour~^ was higher 4
than in thé more tolerant cultivars. Similarly 
at 30°G the least tolerant cultivars gave higher 
respiration rates under nitrogen. This compares %with the earlier results where QGO^^ was related |
to soaking tolerance at 25^G. In this case
because respiration is a metabolic reaction and 
is therefore influenced by temperature. I:"ICalculated (b&sed on root of- 10 to 30^0 |
temperature range as described earlier) gave 
unexpected results. The more tolerant cultivars |
gave much higher values. However, the fact 
that the absolute respiration rates under nitrogen 
were lower in these varieties is of importance.
The high implies that the differential
217
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soaking tolerance of pea cultivars is lost as 
temperature of soaking rises above a threshold level.
Changes in storage material and its enzymic 
degradation were monitored by a study of bhe 
enzyme invertase in relation to temperature of 
soaking treatment. Invertase activity (both specific 
activity and activity per g seed) rose with I
temperature and both were negatively correlated at ■i30°C with germination after a 3 0°G soaking treatment 4!
for 24 hours (Tables 61 and 62 and Figures 53 and |
5 4).
It has already been shown that a fall in the 
sucrose content of seeds as a result of soaking 
injury is indicative of the amount of damage to the 
seed. In sweet potato, on wounding, an increase
in respiration reflected a decrease in sucrose |
content (Uritani and Kato, 1973)» while Sacher etal 
(1963) related the synthesis of invertase in sugar 
cane stems to a glucose control system. Also in 
Avena segments sucrose stimulated growth and 
invertase activity (Kaufman etal, 1968) while 
Hawker (1971) concluded that invertase synthesis 
was probably induced by sucrose. He also found 
invertase to be the only enzyme catalysing sucrose 
breakdown. However, this effect was complicated by 
the existence of two isoenzymes, only one of which 
was inducible by sucrose.
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Table 61.
The relationship between germination after 24 hours 
presoaking at 30°G and invertase specific activity 
after soaking seed at 30^G for 24 hours.in Pisum cvs
Gultivar
Gladstone
Meteor
Pioneer
Onward
Germination 
% of control
63.64
5 0 .0 0
42.11
35.19
Regression analysis
Source of 
variation
Regression
Residual
Total
Sum of 
squares
458.971
23.809
482.780
Invertase
specific activity
-1I.U. mg protein
19.1 
31.3
45.0
4 5 .8
Degrees Mean P
freedom square
1 458.971
2 1 1 .9 0 5
3
38.53
p=.05
219
•I
j
Æ ..
' /Y -  '/yy
Figure 53*
Fitted regression line for invertase (I.U. g dry 
weight seed"“^ ) after presoaking seeds for 24 hours 
at 30°G against percentage germination after seeing 
seeds for 24 hours at 30°C (percentage of control 
or unsoaked seeds which germinated) in four pea 
cultivars of varing soaking tolerance.
Invertase
—1I.U. gj dry weight seed
after presoaking for 24 hrs at 30^0
1.6
Onward
1.2
Pioneer
Meteor
correlation coefficient
01
Gladstone
0 10 20 30 40 30 60
Germination(compared with control) _ 
after 24 hour 30°0 presoak of seed
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Figure y+.
Fitted regression line for inveratse (I.U. mg 
protein*”^ ) after presoaking seeds for 24 hours 
at 30^0 against percentage germination after 
soaking seeds for 24 hours at 30^0 (percentage of 
control or unsoaked seeds which germinated) in 
four pea cultivars of varying soaking tolerance.
Invertase specific activity 
X*U. mg protein”^
after soaking seeds for 24 hours at 30^0.
Onward A Pioneer
40
correlation coefficient
Meteor
Gladstone.20-
10
0 20 40 60 80
Germination after soaking seeds for 24 hrs 
at 30°C (compared with control)
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Table 52.
The- relationship between germination after 24 hours 
presoaking at 30°C and invertase activity per g seed 
(I.U. g dry weight seed”"^ ).
Cultivar
Gladstone 
Meteor 
Pioneer j 
Onward '
Germination 
% of control
63.64
30.00
42.11
35.19
Regression analysis
Source of 
variation
Regression
Residual
Total
Sum of Degrees 
squares freedom
.7283 1
.004333 2
.7326 3
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Invertase
I.U. g dry weight
seed~^
. 236  
.840 
1.11 
1.42
Mean F
square
.7283 336.2
.002166
p=.01
%
?4I
I
.
. #
It may therefore be concluded that the loss of 
sucrose in susceptible species results from a 
change in the activity of the enzyme invertase, «T:which increases in activity sharply with a rise in i
temperature, especially in the soaking sensitive |
pe^ cultivars.
A similar, relationship exists between alcohol 
content of seeds and invertase activity. This also 
reflects soaking tolerance ie. higher alcohol 
contents were recorded in the more susceptible 
cultivars (Table 46, Figures 38 and 39). It may 
be concluded that higher alcohol content as a result 
of increasing temperature leads to greater seed
meristem damage and that the metabolic shift to |
Jmalate affords a comparative advantage in soaking 
tolerance of seeds. This shift holds good and is 
relatively unaffected by temperature. It is notable, 
however, that a significant fall in malic acid 
with temperature was recorded in one of the least 
tolerant cultivars (Pioneer, p=.025)(Table 48). In
this case alcohol content became much accelerated if-at the expense of malic acid accumulation. 'J
Calculated ethanol to malic acid ratios have 
been used as a criterion of soaking tolerance and 
again give a good indication for soaking injury in 
pea seeds. Germination shows a negative relationship
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Table 63.
Metabolic and germination behaviours of four cultivars 
of Pisum sativum L .arranged by rank with a test for 
correlation. (Of the four values for each metabolic 
parameter, the lowest is ranked as one grading up 
to four in'the cultivar with the highest value. 
Germination and malic acid content of seeds are 
ranked in the reverse order because they are 
negatively related' to the other parameters - see 
earlier discussion).
Cultivar Germin QCO^ Sp.Act Act seed Alcoh Malate Total ation. Invertase Invert. ol.
Gladstone 1 2 1 1 1 1 7
Meteor 2 1 2 2 2 2 11
Pioneer 3 3 3 3 4 3 19
Onward 4 4 4 4 3 4 23
Table 64.
The relationship between the observed correlation between
germination and metabolic classes after presoaking seeds 
of four cultivars of Pisum sativum L. for 24 hours at 30^C.
Cultivar Observed row total Theoretical maximum
Gladstone
Meteor
Pioneer
Onward
7
11
19
23
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30°C and the various metabolic classes in the four
#
i
against ethanol to malic acid ratios. 4
The effects of high temperature soaking injury 5
’■'ton the four pea cultivars have been collated in a 
summary table (Table 63). Although not based on 
a standard statistical test the good correlation 1
between germination after presoaking seeds at t
pea cultivars io striking. If a perfect |
relationship is assumed, then the expected results 
would be as shown in Table 64.
It iis therefore reasonable to conclude that 
the relaLionship is very strong indeed betweenIsoaking injury, anaerobic respiration rate, 
invertase activity, alcohol and malic acid 
accumulation (germination and malic acid accumulation 
being negatively correlated with the other 
parameters) after 30^0 soaking treatments. This 
may be taken as confirmatory evidence that at high 
temperatures, but not at low temperatures, . .-, 
there is an increase in the rate of glycolysis 
and that accumulation of anaerobic end productscl r>A I ntaccounts for interspeci^cydifferences.
i
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SUMMARY
Seeds of a range of crop species were 
classified according to their ability to germinate 
after presowing soaking treatments of varying 
severity.
1. Those species most susceptible to injury 
exhibited the highest respiration rates under oloosen 
after soaking their seeds (p=.01 for fall in 
germination after 72 hours seed soaking against 
QCOg^).
2. Where anaerobic respiration was highest, the 
utilization of seed reserves v/as greater as shown 
by the fall in sucrose content of the seed on 
soaking for 96 hours (p=.001 for rate of respiration 
under nitrogen against loss of sucrose from the 
seed per hour).
3a. The increase in alcohol content of seeds 
after soaking seeds for 96 hours (compared with 
controls) was positively correlated with respiration 
under nitrogen on soaking (p=.0 5).
3b. This increase in alcohol content of seeds was 
also positively correlated with the fall in sucrose 
content of seeds on soaking (fall in sucrose per 
hour)(p=.0 5).
4a. Malic acid content of seeds after soaking for 
96 hours (compared with controls) was negatively
'I
I
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"5correlated with respiration under nitrogen on 
soaking seeds (p=.001).
4b. Malic acid content of seeds after soaking j
(compared with controls) was also negatively 
correlated with the fall in sucrose content (per '1
hour) of seeds on soaking (p=.001). f
4c. Malic acid content of seeds on soaking for 
96 hours was negatively correlated with alcohol 
content of seeds after soaking for 96 hours when 
expressed as increases compared with controls.
(p=.02). I
5 . The percentage of lactic acid, when expressed 
as the percentage of alcohol + malic acid + lactic 
acid after soaking seeds for 96 hours, was 
negatively correlated with respiration under nitrogen 
on soaking seeds (p=.007).
6a. The activity of alcohol dehydrogenase was 
highest in species least tolerant of soaking injury.
6b. Michaelis constants for ADH with respect to 
acetaldehyde were low in species intolerant of 
soaking but higher in species tolerant of this 
treatment.
7a. Enhanced damage as a result of low and high 
temperature soaking treatments were recorded only 
in species which were normally susceptible to 
soaking injury.
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7b. Metabolic injury in Pisum sativum L . followed 
a similar course at high temperature to the above 
studies but not at low temperatures.
7c. Studies on the activity of the enzyme invertase 
demonstrated grossly enhanced activity with a 
rise in temperature. This enhanced activity was 
also related to germination counts.
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Figure 5‘'5* Conclusion to thesis in diagrammatic form
Crop species seeds
germinate underwateripresoaking has a small 
effect on germination 
nLow QCOp on soaking
Small loss of sucrose 
from seed on soaking
Accumulate lower amounts 
of alcoholiMalic acid increase
ILactic acid important 
constituent of end 
product ‘pool ’
Low alcohol dehydrogenase 
activity (high Km)
Temperature little effect 
on soaking injury
do not germinate underwater 1presoaking has a severe 
effect on germination
4^High QCOn on soaking
Large fall in sucrose 
content of seeds on soaking
High alcohol content
Small change in malic acid
Lactic acid small proportion 
of anaerobic productiHigh alcohol dehydrogenase 
activity (low Km)
Temperature severe effect 
on soaking injury
Low temperhhure 
Enhanced damage
n 4/Low QCOp
INo significant change
High temperature J,Enhanced damage 
High
Very high invertase
in invertase activity activity
No change in alcohol 
or malic acid
i.Probably physical 
injury primarily
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1Higher alcohol 
content of seedsiProbably metabolic 
injury primarily
I
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APPENDIX
I. Abbreviations used in text
ml millilitre
1 litre
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milligram y
S gram
°C degrees centigrade |
min minute ;î
cm centimeter
M molar
hr hour
nm ...'nanometer 
micro
-1 per
% percent
rpm revolutions per minute 4
dry wt dry weight
fr/gl fructose + glucose
GasPak anaerobe jar system manufactured by
Bioquest
Tris-HCl buffer made up to pH 8.Q O.IM tris.
Q^q change in reaction rate for 10°
rise in temperature 
^  . respiratory quotient
QOg oxygen uptake 1 g dry weight^hr"^
Æ
QCOp
qco^
ADH
MDH
LDH
Km
I.U.
cv
P
r
8.D.
t
P
N.8.
n
carbon dioxide evolution 1 g dry 
weiglit~^hour~^
respiration rate under nitrogen,
—I —I1 g dry weight hour""
alcohol dehydrogenase 
malic dehydrogenase 
lactic dehydrogenase 
Michaelis constant 
International unit 
cultivar
probability of observed event by 
chance occurrence 
correlation coefficient 
standard deviation
calculated value for students t test 
calculated value for P test 
not significant
I
I
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APPENDIX II. STATISTICAL APPENDIX 
i Ï. Method used for the determination of binomial 
probabilities for germination of seeds underwater 
and germination on moist filter paper.
X Factorial number germinated (water + control) 
X factorial number failing to germinate
If the probability of any seed germinating ^
on moist filter paper is assumed to be Pa and the :
probability of any seed germinating underwater is |
assumed to be Pw, then is the binomial Pa=Pw true? f
ie. is there an equal probability that seeds will 1
germinate underwater or on moist filter paper? y
If Pa and Pw are amalgamated ie.based on the J
assumption that there is no effect due to soaking, 
then the probability of the observed results would 
be
Factorial number of seeds
Factorial number of seeds germinating on moist filter 3Ipaper x factorial number of seeds failing to germinate
on moist filter paper. t
X Factorial number of seeds
Factorial number of seeds germinating underwater %
X  factorial number of.seeds failing to germinate |
underwater.
Factorial number which could germinate (maximum).
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The above equation gives the probability of the 
exact split between underwater and control 
germination observed. For example in rice where 
25 out of 30 seeds germinated underwater while 
24 out of 30 germinated on moist filter paper.
The probability of this ratio occurring by chance 
(assuming an equal probability for germination 
underwater and on moist filter paper) is then 
given by -
301 X 30! X 49111! .25
25 !5! 2416! 60!
However, we wish to know not only the
probability of the exact split observed but the
probabihty of the observed result or of one more
extreme. In the above example the total germination
was 49 seeds which germinated in the ratio
25:24 (water : control). The next more extreme case
would be 26:23 (total = 49 seeds germinating) and 
the probability may be calculated accordingly.
Table 65 shows a worked example where the 
probabilities are summated for all the possible 
numbers of' seeds germinating underwater (25 to 30) 
ie. this is the probability that, due to chance 
occurrence, 25 or more seeds will germinate 
underwater(out of a total of 49 seeds divided 
between the two treatments).
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Table 6 5 . Worked example using the method for 
determining binomial probability for germination 
of seeds underwater on on moist filter paper.
eg. For rice where 25 seeds out of 50 germinated 
underwater and 24 germinated on moist filter paper.
30! 30!  ± --- X
25151 24!6!
30! 30! 
  X ---------
26!4!
3 0!
23171
30!
X X
27131
30!
2218!
30!
X
2812!
30!
21191 
30!
X X
2911!
30!
20110!
30!
3 0 !
X
19111!
4 9 til! 
60!
49111!
60!
49111!
60!
491111
60!
491111
601
49111!
601
a) probability of 25
seeds germinating 
underwater =.25
b) probability of 25 
seeds germinating 
underwater =.168
c) prdability of 27 
seeds germinating 
unde rwater =.0693
d) probability of 28 
seeds germinating 
unde rwat er =.018 2
e) probability of 29 
seeds germinating 
underwater =.0026
f) probability of 30 
seeds germinating 
underwater =.00015
The probability of 25 or more seeds germinating under 
water by chance is then given by a+b+c+d+e+f (p=.5 0)
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Additional statistical data referred to in text
Table 66. Regression analysis for oxygen uptake, 
carbon dioxide evolution, respiration under nitrogen 
and respiratory quotient in Pioneer pea seeds after 
soaking underwater from 0 to 48 hours.
Source of Sum of Degrees Mean " F
variation squares freedom square
QO2 Regression
Residual
To'jbal
QCOg Regression 
Residual 
Total
QCOg Regression 
Residual 
Total
RQ Regression 
Residual 
Total
.0 0 0 0 9 4  
.01698 
.01708
.008108
.01350  
.02161
.0 2 7 9 3
.0 0 2 0 1 3
.0 2 2 9 4
.09242
.2 1 3 0
.3 0 5 4
1
3
4
1
3
4
1
3
4
1
3
4
. 000094  
.0 0 5 6 6
.01661
N.S.
.008108 1.8014
. 004501
N.S.
.0 2 7 9 3 41.6230
.000671
p=. 01
.09242 1 .3 0 1 9
.0 7 0 9 9
; N.S.
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Table 6?.
Regression analysis for oxygen uptake, carbon dioxide 
evolution, respiration under nitrogen and respiratory 
quotient in Meteor pea seeds after soaking underwater 
from 0 to 48 hours.
Source of Sum of Degrees Mean P
variation squares freedom square
QOg Regression .002940
Residual .00280?
Total .0 0 5 7 4 7
QCOg Regression ,01518
Residual .01418
Total
QGO^ Regression 
Residual 
Total
.0 1 9 5 4
.0 1 5 9 5
.0 0 5 5 9 2
.0 1 9 3 4
RQ Regression .04294
Residual .5543
Total .5973
1
3
4
1
3
4
1
3
4
.002940
.000936
3.1410
N.S.
1 .0 1 3 1 6 2 .6 6 5 0
3 .004937
4 N.S.
.0 1 5 9 3 1 4 .1 0 3 4
.0 0 1 1 3 1
p=.05
.04294
.1848
.2324
N.S.
I
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Table 68.
Regression analysis for oxygen uptake, carbon 
dioxide evolution, respiration under nitrogen 
and respiratory quotient in rice seeds after 
soaking underwater for 0 to 48 hours.
Source of 
variation
QOg Regression 
Residual 
Total
QCO^ Regression 
Residual 
Total
Sum of Degrees Mean F
squares freedom square
QCO^ . Regression 
Residual 
Total
RQ Regression
Residual
Total
,0001467 1
.00000533 3
.0001520 4
* .006854 1
.001809 3
.008663 4
.004493 1
.001533 3
.006048 4
6.9068 1
12.6942 3
19.6010 4
.0001467 82.4101
.00000178
p=.01
.006854 11.3644
.0006031
p=. 05
.004493 8.6697
.0005183
N.8.
6.9068 
4 .2 3 1 4
1 .6 3 2 3
N.8.
%
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Table 69*
Regression analyses for the effect of duration of 
presoaking treatment of seeds (in hours) against 
the accumulation of alcohol in rice and in carrot 
seeds. (0,24, 48 and 96 hour treatments have been 
transfomed to 0, 1, 2 and 4 respectively for ease 
of analysis).
Species
rice
rice
control
carrot
carrot
control
Source of 
variation
Regression
Residual
Total
Regression
Residual
Total
Sum of Degrees Mean F
squares freedom square
2 5 .1 3 8 6
6 .5 9 0 5
3 2 .7 4 9 0
.3764
1 1 8 .7 2 7
1 1 9 .3 0 4
Regression 2846.736 
Residual 6373*2589
Total
Regression
Residual
Total
9 2 2 1 .9 9 3 3
1 3 7 .1 4 3 7
78.6724
2 1 3.8161
1
2
3
1
2
3
1
2
3
1
2
3
2 5 .1 5 8 6
3 .2 9 3 2
.3764
39.3636
2846.736
3187.6294
7*9381
N.8.
.0 0 9 7 1 0
N.S.
.8931
N.S.
1 3 7 .1 4 3 7 3.4865
39.3362
N.S.
j:
I
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Table 70.
Regression analyses for the effect of duration of 
presoaking treatment of seeds (in hours) against 
accumulation of alcohol in lettuce and radish 
seeds, (using 0, 1, 2, 4 trar^ormation as in Table 69).
Species
lettuce
lettuce
control
radish
radish
control
Source of Sum of Degrees Mean F
variation squares freedom square
Regression $1.6044 • 1
Residual 144.6202 2
Total 176.2246 3
Regression 745.7660 1
Residual 399.2152 2
Total 1144.9813 3
Regression 64.$422 1
Residual 45.8245 2
Total 110.1667 3
Regression .9667 1
Residual 2.4370 2
Total 3.4037 3
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31.6044 
72.3101
7 4 5.7660 
1 9 9.6076
.4 3 7 1
N.S.
3.7362
N.S.
64.3422 2.8082
2 2 .9 1 2 2
N.S.
.9667 .7 9 3 3
1.2185 N.S.
Î
Table ?1.
Regression analyses for the effect of duration of 
presoaking treatment of seeds against accumulation 
of alcohol in maize and broad bean seeds.
(Using 0, 1, 2, 4 transformation for duration of 
soaking as in Table 69).
Species Source of Sum of Degrees Mean F 
variation squares freedom square
1I
I
maize Regression 869*6522 
jEesidual IOI.7 0 3 4
‘Total 971*3576
1 869.6522 1 7 .1 0 1 4
2 5 0 .8 5 2 7
3 U.S.
I
maize Regression 5 .5OI5 
control Residual 489* 9648 
Total 493.4661
broad Regression 391.2952 
bean Residual 529.0332 
Total 920.3283
broad Regression 398.3240 
bean Residual II3 .OIOO 
control Total 511.3340
1 3 .5 0 1 3 .01429
2 244.9824
3 N.S.
1 3 9 1 .2 9 3 2 1 .4 7 9 3
2 264.5166
3  ^ N.S.
1 398.3240 7 .0 4 9 4
2 5 6 .5 0 5 0
3 N.S.
.4
3
Ià
II
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Table 72.
Regression anlyses for the effect of duration of 
presoaking treatment of seeds %ainst accumulation 
of alcohol in seeds of Meteor and Onward pea 
cultivars. (using transformation for duration 
of soaking treatment as in Table 69).
Cultivar Source of Sum of Degrees Mean F
variation squares freedom square
Meteor
Meteor
control
Onward
Onward
control
Regression 24-. 6632 1 24.6632 .002546
Residual 19374.764 2 9687.3821
Total 19399.427 3 N.S.
Regression 378.9287 1 378.9287 .1890
Residual 4009*5740 2 2004.7870
Total 4 3 8 8 .5 0 2 7 3 N.S.
Regression 4604.6051 1 4604.605I 3*0145
Residual ' 3054.9242 2 1527*4621
Total 7659*5293 3
Regression 394.1562 1 394.1562
Residual 3204.4781 2 1602.2391
Total 3398.6343 3
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Table 73*
Regression analyses for the effect of duration of 
presoaking treatment of seeds against accumulation 
of alcohol in seeds of pea cultivars Pioneer 
and Gladstone (Using transformations as in Table 69).
Cultivar Source of Sum of Degrees Mean P 
variation squares freedom square
Pioneer Regression
Residual
Total
1814.1552 1 1814.1552 .2152
16858.5045 2 8429.2525
18672.6597 3 N.8 .
Pioneer
control
Regression
Residual
Total
273.4958 1
8526.7997 2 
8600.2953 3
273.4938
4165.3998
.06569
N.S.
Gladstone Regression 
Residual 
Total
.09777 1 .09777 .0 0 0 0 1 2
1 5 7 2 3 .2 0 5 6 2 7 8 6 1 .6 0 2 8
1 3 7 2 5 .3 0 5 4 5 N.S.
Gladstone Regression
control Residual
Total
5 2 1.5183 1 3 2 1.3183 .1 7 3 3
5668.0485 2 1854.0245
5989.5671 3 N.S.
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Table 74.
Regression analysis for duration of. soaking 
treatment of seeds against malic acid content 
in seeds of rice, carrot, lettuce and radish. 
(Using transformations as in Table 69).
Species Source of Sum of Degrees Mean
variation squares freedom square
rice Regression .08147 1 .08147
Residual 1.2428 2 .6214
Total 1.3243 3
P
.1311
N.S.
I
;I
•i4:
carrot Regression 37*6985- 
Residual 3 0 7 .8 6 5 6  
Total 3 4 5.56 1^-1
1 39.6985
2 1 5 3 .9 3 2 8
3
.2449
N.S.
lettuce Regression 6.7315 
Residual 27*8620 
Total 3 4 .5 9 3 3
1 6 .7 3 1 3
2 1 3 .9 3 1 0
.4832
N.S.
radish Regression 7*2387 1 7*2387 1.6965
Residual 8.5338 2 4.2669
Total 1 3 .7 7 2 5 3 N.S.
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Table 73*
Regression analysis for duration of soaking 
treatment of seeds, against malic acid content 
in seeds of maize, broad bean. Meteor pea and 
Onward pea. (Using transformations as in Table 69).
Species Source of Sum of Degrees Mean F
/cultivar variation squares freedom square
maize Regression .2076
I Residual .05964
Total .26722I
broad Regression 1.4333 
bean Residual .02153
Total 1.4548
Meteor Regression .6225
pea Residual .06539
Total .6877
Onward Regression .1005
pea Residual .03015
Total .1506
.2076
.02982
6.9617
N.S.
1 1.4553 133.0414
2 .01077
3 P=.01
1
2
3
1
2
3
.6223 1 9 .0 5 3 1
.0 5 2 7 0
p=. 05
.1 0 0 5
.OI5O8
6.6641
N.S.
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Table 76.
Regression analysis for duration of soaking 
treatment of seeds, against malic acid content 
in seeds of Pioneer and Gladstone peas (Using 
transformations as in Table 69).
Cultivar Source of Sum of Degrees Mean F 
variation squares freedom square
Pioneer Regression .8918 1
Residual .05290 2
Total .9 4 4 7 3
Gladstone Regression .8919 1
Residual .01166 2
Total .9 0 5 6 5
.8918 33.7189
.02645
P=.05
.8919 1 3 2 .9 3 7 1  
.005851
p=.01
245
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Table 77*
Regression analysis for duration for soaking 
treatment of seeds, against lactic acid content 
of seeds of rice, carrot, lettuce and radish 
(Using transformation as in Table 69)»
Species Source of Sum of Degrees M©an F 
variation squares freedom square
rice Regression 4^,^^01 1 4^.3501 4.9631
Residual 18.2749 2 9.1374
Total 63.6250 3 IT.8.
carrot Regression 9061.9669 1 9061.9669 .6347
Residual 28555.7529 2 14277-8764
Total 37617.7197 3 N.8.
lettuce Regression 169.1163 1 169.1163 .8489
Residual 398.4457 2 199.2229 «
Total 567.5620 3 R.3.
radish Regression 47.9150 1 47.9150 5.6947
Residual 14.3144 2 7-1572
Total 62.2294 3 N.S.
y  V/. f . . ' -
Table 78.
Regression analysis for duration of soaking 
treatment of seeds, against lactic acid content 
of seeds of maize, broad bean. Meteor pea and 
Onward pea (Using transformations as in Table 69).
Species/ Source of Sum of Degrees Mean F
cultivar variation squares freedom square
maize Regression
Residual
Total
2.6308 1 2.6308 2.3123
2.0943 2 1.0471
4 .7 2 3 0  3 U.S.
broad
beqn
Regression
Residual
Total
.323^ 1 .3 2 3 5 .1467
4 .4 3 7 7 2 2.2188
. 4.7§52 3 U.S.
Meteor Regression .3032 1
pea Residual .03663 2
Total .3619 3
.3 0 3 2 1 0 .7 7 4 3
.02833 U.S.
Onward Regression .009330 1
pea Residual .7937 2
Total .8033 3
.0 0 9 3 3 0 .0 2 3 9 3  
.3 9 7 9
U.S.
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Table 79-
Regression analysis for duration of soaking 
treatment of seeds, against lactic acid content 
of seeds of Pioneer and Gladstone peas. (Using 
transformations as in Table 69)•
Cultivar Source of Sum of Degrees Mean P
variation squares freedom square
Pioneer Regression 1.3396 1 1.3396 .9910
Residual 3.1476 2 1.3738
Total 4 .7 0 7 2  3 U.S.
%
.3
,1
Gladstone Regression .06311 1
Residual 1.4478 2
Total 1 .3 1 0 9 3
.06311 .08719
.7 2 3 9
U.S.
248
in several crop species
• ITable 80. . "I
regression analysis for increase in lactic acid 
content of seeds on soaking (ratio of lactic acid 
content after soaking seeds for 96 hours underwater 1to lactic acid content after germination on moist J
filter paper for 96 hours) against respiration I
under nitrogen ( 1 mg dry weight seed""^ hour~^)
Source of Sum of Degrees M@au P
variation squares freedom square
Regression 12.8145 1 12.8145 1.2641
Residual 59.8739 6 9-9790
Total 72.5884 7 U.S. i
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ÏAEP5NDIX III. ASSAYS ESP3HHBD TO IN T3XT
1• Estimation of sugars ' ^
Somogyi ’ s micro method for the estimation of. 
reducing sugars. #
This method depends on the reduction of alkaline 
cupric hydroxide to cuprous oxide. The cuprous 
oxide so formed is then oxidised by an excess of 
iodine in acid solution.
CUgO + Ig + 2HgS0^  > 2Cu30^ + H^O + 2HI
Iodine is relatively unstable in solution, and
iodine is therefore formed by the interaction of1iodide with iodate in the reagent under acid conditions.
KIO^ + 3KI +-------- ---- >312 + + HpO
The amount of iodine used is estimated by titrating 
the excess with a standard solution of thiosulphate 
using starch as an indicator of the end point.
Ig + RUagS^O^ --- > 2HaI + Ua^S^O^
The following reagents are employed- 
disodium hydrogen phosphate (anhydrous) 28g/l.
Rochelle salt 40g/l. |
sodium sulphate (anhydrous) 180g/l. |
copper sulphate 8g/l. 1Isodium hydroxide 100ml of a lU solution. .3
potassium iodate 23ml of a lU solution. j
The Rochelle salt prevents the precipitation >
of copper in the alkaline solution. The anhydrous 4
■‘■il
I
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sodium sulphate prevents the re-oxidation of cuprous 
copper, mainly by reducing the solubility of 
atmospheric .-.oxygen in the solution. The above 
constitutes solution A.
2-3% potassium iodide - solution B.
2U sulphuric acid - solution C.
Method
Five mis of the sugar solution to be estimated 
and 3 mis of solution A were mixed in a boiling tube.
The mixture was boiled for 13 minutes, cooled forI3 minutes and 2 mis of solution B addedf.carefully
down the side of the tube without mixing. 2 mis of
solution C were then mixed in. 2-3 minutes were
allowed for all of the cuprous oxide to dissolve.
The iodine liberated was then titrated against
•003U thiosulphate (sodium) solution using starch
as an indicator. The titration was repeated for
a blank using distilled water in place of the
sugar solution under assay.
The difference in the water blank and the
sugar solution is used to calculate the amount
of reducing sugar in the original 3 ml sample.
1 ml. of .0 0 3 U sodium thiosulphate in titre
= .1 3 3 mg of reducing sugar.
Eon reducing sugars were estimated after inversion
of the original solution by the enzyme invertase,-
in a warm water bath for 2 hours. Back titrations
were then calculated as above.
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I2. Enzymic determination of ethanol J
" ....  ' Jf:
1t'
I
Reagents
Semicarbazide - glycine buffer- - 20g of 
Ua^P^O^.lOH^Oî.^-^'g recrystallised semicar bazide :|
hyox‘0chloride and 1 g of glycine were dissolved 
in distilled water. 20 ml of 2E EaOH was %
added and the mixture diluted to 600 ml to 
a final pH of 8.8. Alcohol dehydrogenase 
(commercial preparation) and nicotinamide- 
adenine dinucleotide (coiiimercial j^reparation) 
were also employed.
Method
ethanol + EAD"^   ', > acetaldehyde + EADH
ADH
The amount of EAD reduced to EADH is determined 
from the change in extinction ( ^ -^ icm^  at the end 
of the reaction, measured on a spectrophotometer 
at 334 nm. The for 1 mole of ethanol is
2.0. The test reactions were carried out as follows-
Cuvette I II III IV
buffer 1.0 1.0 1.0 1.0
extract to make a total volume of 3 mis
water
EAD .02 .02 .02 .02
ADH .01 .01 .01 .01
total volume 3.0 3.0 , 3.0 3.0
232
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1The amount of extract and water was varied in
order to give spectrophotometric readings on the most ■/
sensitive region of the spectrophotometer scale.
The cuvettes were arranged so that cuvette II had 
twice as much extract as cuvette I, in order to 
check doubling of readings* Cuvette IV was always -i
a control into which all of the reagents were 
placed with no extract added, while cuvette III 
contained extract and all the reagents with the 
exception of ADH. |
3* Enzymic determination of malic acid g
Reagents
Hydrazine - glycine buffer (0.4 M hydrazine ; 4
1 M glycine, pH 9*3)- 7-3 g of glycine, 3.2 g
hydrazine sulphate and 0.2 g EDTA - Ea2H2«2H20 
were dissolved in distilled water and diluted 
to 100 mis. This stock solution is stable and 
small proportions were adjusted to pH 9.3 using 
2N EaOH as required. Mqlic dehydrogenase 
(commercial preparation) and EAD (commercial 
preparation) were also employed.
Method
malic acid + EAD"^    oxaloacetate + EADH
MDH
The assay was conducted in exactly the same way as
233
for ethanol, but using MDH .instead of ADH and 
hydrazine-glycine buffer instead of semicarbazide 
glycine buffer.
4. Enzymic determination of lactic acid
Reagents - Hydrazine-glycine buffer (the 
same buffer as for malic acid). Lactic 
dehydrogenase (commercial preparation) and 
EAD (commercial preparation).
Method
lactacte + EAD'**,^=d^ pyruvate + EADHLDH
The cuvette volumes and calculation of results 
were the s.ame as for malic acid except that 
LDH was substituted for MDH.
The above three assays were taken from Bergemeyer, 1963
"I
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